Remarks 

This paper is being filed in response to the Office Action mailed on February 8, 2005. 
Per the petition and fee submitted herewith, the Applicants extend the period for filing this 
paper by three months from May 8, 2005 to August 8, 2005. Please charge any further fee that 
may be due, or credit any overpayment, to deposit account no. 50-2719. This paper is being 
filed along with a Request for Continued Examination under 37 C.F.R. 1.1 14. In view of the 
remarks presented below, the Applicants request reconsideration of the claims. 

Claims 9-15 are pending in the application, and have been rejected under 35 U.S.C. 101 
as allegedly lacking utility. 

The Applicants acknowledge the withdrawal of the rejection under 35 U.S.C. 102. 

The Applicants also note with appreciation that the Examiner recognizes the teaching 
of specification and art of record for (1) what the TASK protein is, and (2) how it functions, 
and that the utilities asserted in the specification are therefore credible. Nevertheless, the 
Office Action still indicates that the specification and art of record collectively fail to teach (3) 
a specific and substantial utility for the claimed TASK proteins. In particular, the Office Action 
alleges that the specification does not teach a "well established utility," corresponding to a 
specific and substantial utility which is well known, immediately apparent, or implied by the 
specification's disclosure of the properties of TASK protein, either alone or taken with the 
knowledge of one skilled in the art. The Applicants respectfully disagree. 

As discussed in the Response filed on November 9, 2004, the AppUcants' specification 
sets forth several utilities for the claimed TASK proteins. Where one or more uses for an 
invention are disclosed in the specification, a rejection for lack of utility should not be made or 
maintained unless there is reason to doubt the objective truth of the asserted utility. Such a 
reason may be established when the written description suggests an inherently unbelievable 
undertaking or involves implausible scientific principles. In re Cortright, 49 USPQ2d 1464, 
1466 (Fed. Cir.. 1999). Further, a claimed invention need not accompHsh every asserted utility. 
As long as the claimed invention meets at least on stated utility, the utility requirement is 
safisfied. Stifung v. Renishaw PLC, 20USPQ2d 1094, 1100 (Fed. Cir. 1991). Here, the 
Applicants' specification does not suggest that the asserted utihties for the claimed TASK 
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proteins involves an inherently unbelievable undertaking or implausible scientific principles. 
On the contrary, as the Examiner notes in the Office Action, these asserted utilities are credible. 

The Office Action states on pg. 3 that "the utilities asserted for the claimed TASK 
proteins are appHcable to a general class of proteins, and have not been correlated to specific 
modulation of any particular event for a specific purpose." This is not correct. 

As discussed in paragraph [0069], the specification teaches that TASK is expressed in 
many different tissues, and notably in neurons like granular cells of the cerebellum, hi these 
cells, TASK behaves like a K'^-selective hole, which is extremely sensitive to extracellular pH 
in the physiological range betw^een 6.5 and 7.8. See, e.g., paragraph [0084]. The specification 
also teaches that the physiological function of the TASK channel is associated v^ith modulation 
by extemal protons, which is observed in physiopathological situations such as epileptiform 
activity and spreading depression. See, e.g., paragraph [0085]. 

Thus, the specification concludes that screening procedures for identifying substances 
that modulate TASK activity make it possible to identify drugs that may be useful in the 
treatment of diseases of the heart or of the nervous system; for example, epilepsy, heart 
(arrhythmias) and vascular diseases, neurodegenerative diseases, especially those associated 
with ischemia or anoxia, the endocrine diseases associated with anomalies of hormone 
secretion, muscle diseases. See, e.g., paragraphs [0091] and [0092]. 

At the time of the invention, it was well-established that pH constituted a natural 
modulator of neuronal activity. See abstract of Chesler, M., Kaila, K. (1993), Modulation of 
pH by neuronal activity, Trends Neurosci. 15(10):396-402 (enclosed). Thus, the Applicants' 
specification, taken with the knowledge of one skilled in the art at the time this application was 
filed, teaches that TASK protein function is associated with neuronal activity. 

Moreover, it was also well established at the time this application was filed that the 
activity of K"^ channels significantly influenced neuronal death/survival. For example, it had 
been shown that the administration of K"^ channel openers before ischemia protect neuronal 
cells against degeneration. See Heurteaux, C, et al. (1993), K"^ channel openers prevent global 
ischemia-induced expression of c-fos, c-jun, heat shock protein, and amyloid p-protein 
precursor genes and neuronal death in rat hippocampus, Proc. Natl. Acad. Sci. U.S.A. 90:9431- 
9435 (enclosed). It had also been shown that neurons die by apoptosis when cultured in a 
medium containing a physiological concentration of K"^, and that K^ rich depolarizing culture 
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medium as well as K"^ chamiel blockers promote neuronal survival in vitro. See Yu, S.P., et al. 
(1997), Mediation of Neuronal Apoptosis by Enhancement of Outward Potassium Current, 
Science 278: 114-117 (enclosed). Thus, the Applicants' specification, taken with the 
knowledge of one skilled in the art at the time this application was filed, teaches that TASK 
protein is associated with neuronal death/survival, and consequently is useful in the treatment 
of nervous system diseases like epilepsy and neurodegenerative diseases, especially those 
associated with ischemia or anoxia. 

The Office Action states on pg. 6 that, "at the time of filing, no specific association of 
TASK with any disease was known in the prior art nor the specification as originally filed." 
As discussed above, the Applicants specification does, in fact, disclose a specific association of 
the claimed TASK proteins with certain neurological diseases. The role of the claimed TASK 
proteins in neuronal cell death/survival identified in the Applicants' specification has been 
confirmed by the inventors, who established that TASK protein plays an important role in K"^- 
dependent apoptosis of cerebellar granule neurons in culture. See Lauritzen, L, et al (2003) K^ 
-dependent Cerebellar Granule Neuron Apoptosis, The Journal of Biological Chemistry 
278(34):32068-32076 (enclosed). 

Consequently, the specification clearly establishes to those of ordinary skill in the art 
several utilities relating to the screening of TASK modulators and treatment of diseases of the 
nervous system associated with neuronal death. As such, the specification defines a "well- 
established utility" which is specific, substantial and credible. 

The Office Action states on pg. 4 that "reliance of the utility or purported utility of 
others in the potassium channel class is not sufficient to establish a utility for the instantly 
claimed TASK channel, because the function of one member in the class of receptors does not 
translate into the function or utility for the rest of the members of the class." The Office 
Action is incorrect: The Utility Examination Guidelines explain that when a class of proteins is 
defined such that the members share a specific, substantial, and credible utility, the reasonable 
assignment of a new protein to the class of sufficiently conserved proteins would impute the 
same specific, substantial and credible utility to the assigned protein. 66(4) F.R. 1092, 1096, 
January 5, 2001. As noted by the Examiner, the assignment of the claimed TASK proteins to 
the class of K+ channels is reasonable. Thus, based on the established specific, substantial, 
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and credible utility of other K+ chamels, the asserted utilities of the claimed TASK proteins 
are also specific, substantial and credible. 

Li light of the foregoing, it is respectfully requested that the rejection of claims 9-15 
based on 35 U.S.C. §101 be reconsidered and withdrawn. The Applicants respectfully submit 
that the entire Application is now in condition for allowance, which action is respectfully 



requested 




Respectfully submitted, 



Paul Carango 
Reg. No. 42, 386 
T. Daniel Christenbury 
Reg. No. 31,750 
Attorney for Applicants 
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Abstract 

Although the requirement for a strict regulation of pH in the brain is frequently emphasized, 
recent studies indicate that neuronal activity gives rise to significant changes in intracellular 
and extracellular pH. Given the sensitivity of many ion channels to hydrogen ions, this 
modulation of local pH might influence brain function, particularly where pH shifts are 
sufficiently large and rapid. Studies using pH-sensitive microelectrodes have demonstrated 
marked cellular and regional variability of activity-dependent pH shifts, and have begun to 
uncover several of their underlying mechanisms. Accumulating evidence suggests that 
regional and subcellular pH dynamics are governed by the respective localization of glial 
cells, ligand-gated ion channels, and extracellular and intracellular carbonic anhydrase. 
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K"^ channel openers prevent global ischemia-induced expression of 
C-/OS, c-jiiw, heat shock protein, and amyloid jS-protein precursor 
genes and neuronal death in rat hippocampus 

(immediate early gene/tn situ hybridizatioii/hippocampus/transieiit forebrain ischemia) 
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Institut de Pharmacologic Mol^culaire et Cellulaire, 660 route des Luciolcs. Sophia AntipoUs 06360 Valbonne, France 
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ABSTRACT Transient global forebrain ischemia induces 
in rat brain a large increase of expression of tiie immediate 
early genes c-/05 and C'jun and of the mRNAs for the 70-kDa 
heat-shock protehi and for the form of the amyloid ^protein 
precursor including the Kunitz-type protease-inhlbitor do- 
main. At 24 hr after ischemia, this increased expression is 
particularly observed hi regions that are vulnerable to the 
deleterious effects of ischemia, such as pyramidal cells of the 
CAl field in the hippocampus. In an attempt to find conditions 
which prevent the deleterious effects of ischemia, representa- 
tives of tlu-ee dififerent classes of K*^ channel openers, (-)- 
cromakalim, nicorandil, and pinaddil, were administered both 
before ischemia and during the reperfiision period. This treat- 
ment totally blocked the Ischemia-induced expression of the 
different genes* In addition it markedly protected neuronal 
cells against degeneration. The mechanism of the neuropro- 
tective effects involves the opening of ATP-sensitive K"*" chan- 
nels since glipizide, a specific blocker of that type of channel, 
abolished the beneficial effects of K*** channel openers. The 
various classes of K"** channel openers seem to deserve attention 
as potential drugs for cerebral ischemia. 



Global forebrain ischemia leads to a complete neuronal death 
in the CAl field of the hippocampus after 7 days of recovery, 
whereas the adjacent CA3 sector and the dentate gyrus are 
largely more resistant (1,2). The main factors involved in the 
damage of neuronal tissue following ischemia are ATP de- 
pletion (3), intracellular acidosis (4), enhanced release and/or 
diminished reuptake of the excitatory transmitters glutamate 
and aspartate (5), generation of free radicals (6), and in- 
creased Ca2+ influx and efflux (7, 8). 

N-Methyl-D-aspartate (NMD A) antagonists and Ca^^ 
channel blockers have exhibited little ability to reduce tissue 
damage in animals with global ischemia (7, 9). They seem to 
be more helpful in focal ischemia (10, 11). Until now antag- 
onists of a-amino-3-hydroxy-S-methylisoxazolepropionate 
have been considered as the best neuroprotective agents 
against global brain iiyury (12, 13). A new class of drugs has 
recently attracted considerable interest for protection of the 
ischemic heart. This is the family of ATP-sensitive 
channel (Katp channel) openers (KCOs). These molecules, 
including (-)-cromakalim, pinacidil, nicorandil, and RP 
49356, are potent vasorelaxant and cardioprotective agents 
(for reviews see refs. 14-16). The cardioprotective effects of 
these drugs are completely reversed by antidiabetic sulfony- 
lureas such as glibenclamide, which are blockers of Katp 
channels (17, 18). 

Katp channels are present in the brain (19-21) and are 
particularly abundant in hippocampal structures, known to 
be vulnerable to the deleterious effects of ischemia. These 
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channels are activated by the same KCOs that activate 
cardiac Katp channels (22). Therefore it appeared worth- 
while to analyze whether the KCOs can prevent the expres- 
sion of the immediate early genes c-fos and c-jun and the 
genes encoding the 70-kDa heat-shock protein (HSP70) and 
amyloid ^-protein precursor (APP), which are induced fol- 
lowing global cerebral ischemia (23-30), and to determine 
more directly whether KCOs are neuroprotective. 

MATERIALS AND METHODS 

Animals. Experiments were performed on 10- to 12-week- 
old, 250- to 300-g male Wistar rats (Charles River Breeding 
Laboratories). 

Drug Treatments. (-)-Cromakalim was from Beecham 
Pharmaceuticals, pinacidil from Leo Pharmaceuticals, and 
nicorandil from Rhdne-Poulenc Rorer. KCOs (10 nmol/5 fd) 
were administered intracerebroventricularly 30 min before 
the induction of cerebral ischemia and once each day during 
the recovery period. These doses of KCOs are similar to 
those previously shown to prevent seizures (31). Glipizide (1 
/ixnol/5 ^\ Pfizer Diagnostics) was injected intracerebrov- 
entricularly 20 min prior to openers. Control experiments 
were performed with intracerebroventricular injection of 
0.9% NaCl under conditions used for openers. 

Cerebral Ischemia Model. Forebrain ischemia involved 
occlusion of all four major extracranial arteries (**four-vessel 
occlusion" model) (2). 

The first day, the rats were anesthesized by inhalation of 
2% halothane mixed with 30% oxygen/70% nitrous oxide. 
Body temperature was maintained at 37T. The vertebral 
arteries were irreversibly occluded by electrocoagulation. 
After a delay of 1 day for recovery, both common carotid 
arteries were clamped during 20 min in awake and sponta- 
neously ventilating animals. Rats lost their righting reflex 
within 1 min of carotid clamping. Pharmacological treatments 
were administered 30 min prior to forebrain ischemia by an 
injection needle that was lowered bilaterally into the lateral 
ventricle. The injection needle was connected to a Hamilton 
syringe (10 /xl) positioned in a micropump delivering the drug 
solution at a rate (1.25 /il/min) for 4 min. Between 1 hr and 
7 days after ischemia, animals were killed by transcardial 
perfusion with 0.9% NaCl followed by ice-cold 1% paraform- 
aldehyde in phosphate-buffered saline (0.15 M NaCl/0.01 M 
sodium phosphate, pH 7.4). The dissected brains were post- 
fixed in the same solution for 2 hr and then inunersed 
overnight at 4°C in phosphate-buffered saline containing 20% 
sucrose. Coronal frozen sections (12 ^m) at the level of the 
dorsal hippocampus were cut on a cryostat (Microm) at 



Abbreviations: APP, amyloid ^protein precursor; HSP, heat-shock 
protein; Katp channel, ATP-sensitive K+ channel; KCO, Katp 
channel opener; NMDA, N-methyl-D-asparlate. 
*To whom reprint requests should be addressed. 



9431 



9432 Neurobiology: Heurteaux et al 



Proc, Natl. Acad ScL USA 90 (1993) 



-25**C, collected on B-aminopropyl^thoxysilane-coated 
slides, and stored at -70°C until use. 

In Situ Hybridization. Five oligodeoxynucleotide probes 
were used: HSP70 (30-mer), complementary to the human 
sequence 5 '-GTCC ATGGTGCTG ACC A AG ATG A AG- 
GAGAT-3' (32); c-jun (6Q-mer), complementary to the human 
coding sequence 5'-CGTTGACGACGCAATCGTACT- 
CAACCGTGGGTGACAATTGCACCAAGTACTGAAA- 
GACAA-3' (33); c-fos (45-mer), complementary to the rat 
sequence 5'-TTCTCG(KjTTTCAACGCGGACTACGAG. 
GCGTCATCCTCCCGCTGC-3' (34); and two 40-mer oligo- 
nucleotides, the APP695 and APP751 probes, complementary 
to the mouse junctional sequences arising from two possible 
exon combinations: 5'-GCTGGCTGCTGTCGTGGGAAC- 
TCGGACCACCTCCTCCACG-3' (APP695) and 5'-TCT- 
TGAGTAAACTTTGCjGTTGACACGC TGC CACACAC- 
CGC-3' (APP751) (35). Oligodeoxynucleotides complemen- 
tary to c-fos, c-jun, HSP70, APP695* and APP731 probes were 
used as sense control probes. All probes were 3' end-labeled 
with terminal deoxynucleotidyltransferase (Boehringer) and 
[a-[5^S]thio]dATP (>1000 Ci/mmol. Amersham; 1 Ci = 37 
GBq) to a specific activity of 1.5 x 10* cpm/mg. 

Sections were prehybridized for 1 hr at room temperature 
in a solution containing 4x standard saline citrate (SSC) and 
Ix Denhardt's solution. The slides were then rinsed 10 min 
in 4x SSC, acetylated for 10 min with acetic anhydride (0.5 
ml/200 ml of 0.1 M triethanolamine), and dehydrated. Hy- 
bridization was carried out overnight at 42°C with c-fos and 
c-jun probes and at 5(fC with the HSP70 oligonucleotide in 
50% (vol/vol) deionized formamide/10% (wt/vol) dextran 
sulfate/4x SSC/lx Denhardt's solution/5% (vol/vol) so- 
dium N-lauroylsarcosine/20 mM dithiothreitol/20 mM so- 
dium phosphate containing denatured salmon sperm DNA 
(500 /ig/ml) and yeast tRNA (250 /ig/ml). For each slide, 35 
ml hybridization mixture containing 3 x 10^ cpm of the 
denatured labeled oligonucleotide was used. SUdes were 
washed in 1 x SSC/20 mM dithiothreitol at 55T twice for 30 
min before dehydration and apposition to Hyperfilm-^max 
(Amersham) for 10 days, 

PK 11195 Bindb^ Procedure. The Ugand pH]PK 11195 was 
used to label brain areas where neuronal death occurs (36). 
Rat brains were frozen in isopentane at -48*'C, Brain sections 
(15 /on thick) were incubated for 60 min at 4°C in 170 mM 
Tris-HCl buffer (pH 7.4) containing 1 nM pH]PK 11195 (86 
Ci/nmiol, NEN). The nonspecific binding component was 
measured by incubating adjacent tissue sections in the pres- 
ence of 1 mM unlabeled PK 11195. Incubation was termi- 
nated by rinsing twice for 5 min in the cold incubation buffer 
and twice in cold distilled water. Sections were dried, and 
Hyperfilm-^H (Amersham) with a set of standards (Amer- 
sham microscales) was apposed for 46 days. Local tissue 
concentration of pH]PK 11195 was determined by quantita- 
tive densitometric analysis using a computerized image- 
analysis system (Alcatel TITN). 

RESULTS 

Levels of c-fos and c-jun mRNAs and of the transcriptional 
regulatory factors they encode, Fos and Jun, are highly 
increased in rat and gerbil brain following global and focal 
ischemia or traumatic brain injury (23-25). 

Fig. 1 B-F shows the regional expression of c-fos and c-Jun 
mRNAs in the rat hippocampus at various times of recovery 
following a 20-min ischemic insult. The general expression of 
the two probes was identical. No induction was observed in 
bippocampal cells of sham-control animals (Fig. lA). The 
increase in c-fos and c-jun mRNAs within the dentate granule 
cells was fu^t observed after 1 hr, was more pronounced at 
6 hr, and had disappeared at 24 hr following ischemia. High 
c-fos and c-jun labeling was observed in CA3 and CAl 






Fig. 1. Distribution ofc-/o5(A-Z) and F-vl) and c-yM«(£) mRNAs 
in rat hippocampus. Sections from saline-treated rats were obtained 
in sham control (A) and 1 hr (B), 6 hr (C), 24 hr (i) and £), and 7 days 
(F) after a 20-min ischemia. Sections were obtained from {-)- 
cromakalim-pretreated rats 1 hr (G), 6 hr (/f), and 24 hr (/) after a 
20-niin ischemia. Section from a rat iqjected with ("Kromakalim 
prior to ischemia but not during 24 hr of recovery shows c-fos mRNA 
(7). Daric areas indicate high grain density. Structures devoid of 
labeling are white. Abbreviations are those used in the rat brain atlas 
of Paxinos and Watson (37). DG, dentate gyrus. (xlO.) 

pyramidal-cell layers at 6 hr of reperfusion and persisted only 
in the CAl field at 24 hr. Total labeling disappeared by 7 days 
postischemia. 

lAjections of (*)-cromakalim (10 nmol) before the start of 
cerebral ischemia and during the days of recovery totally 
blocked the induction of ischemia-induced expression of both 
c-fos (Fig. 1 G-I) and c-jun (data not shown). When the drug 
was administered just before ischemic ifuiuy but not during 
reperfusion, the hybridization signal appeared at 24 hr of 
recovery (Fig. IJ). Like (-)-cromakalim iiyections, nic- 
orandil and pinacidil injections (10 nmol) prevented the 
increase of both immediate early genes following global 
ischemia (data not shown). 

HSPs play .an important role in the response to stressful 
conditions of various cell types (for a review see ref. 38). 
Induction of the synthesis of HSP70 was previously observed 
in ischemia (26, 27). 

Fig. 2 B~E shows that the regional and temporal profile of 
HSP70 mRNA expression after transient ischemia in rat 
hippocampus is the same as for c-fos and c-jun. Dentate 
granule cells and CA3 neurons showed transient induction of 
HSP70 mRNA during the first 6 hr of recovery. However, at 
24 hr after ischemia only CAl pyramidal cells demonstrated 
a significant hybridization, which disappeared after 7 days. 
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Fig. 2. Distribution of HSP70 mRNA in rat hippocampus. Sec- 
tions from saline-treated rats were obtained in sham control {A) and 
1 hr iB), 6 hr (C), 24 hr (i>), and 7 days (£) after a 20-min ischemia. 
Sections were obtained at 1 hr (F), 6 hr (G), 24 hr (/0> and 7 days 
(/) after ischemia in nicorandil-pretreated rats and at 24 hr after 
ischemia in a rat pretreated with a single nicorandil iiyection prior to 
ischemia (/). (xio.) 

Fig. 2 F-l shows that pretreatment with nicorandil before 
ischemia and during recovery prevented the induction of 
HSP70 mRNA induced by the ischemic insult. However, a 
single iAjection of nicorandil, just before ischemia, blocked 
the increase in hippocampal HSP70 labeling observed after 1 
and 6 hr of recovery but did not prevent a later induction of 
HSP70 mRNA in CAl neurons at 24 hr (Fig. 2/). 

The three isoforms of APP— APPejs, APP751, and APPtto— 
are derived from alternative splicing of a single gene (35). 
Alterations of APP expression have pireviously been ob- 
served following ischemia (28, 29). 

Fig. 3 shows the expression of APP695 (B-D) and APP731 
(F-//) mRNAs in the rat hippocampus following a 20-min 
ischemic insult. Unlike APPysi mRNA, which was absent in 
hippocampus of sham-operated rats (Fig. 3F), APP695 mRNA 
was abundant in the granular layer of dentate gyrus and in 
pyramidal cells in layers CAl through CA3 of control rat (Fig. 
3A). The expression of APP695 mRNA did not change after 
global ischemia and recovery for 7 days (Fig. 3 B~D). 
Pretreatment with KCOs such as pinacidil had no effect (Fig. 
3£). Conversely, APPysi mRNA, which encodes the Kunitz* 
type protease-inhibitor domain, was induced at 24 hr post- 
ischemia (Fig. 3H)y as previously described (39), peaked at 3 
days (data not shown), and remained elevated until 7 days 
(Fig. 3/). KCOs such as pinacidil blocked the induction of 
APP7S1 following global ischemia (Fig. 3/). 

Fig. 4 shows more directly the neuroprotective effects of 
KCOs by following the appearance of peripheral-type benzo- 







Fio. 3. Distribution of APP695 (A-£) and APP751 {F-J) mRNAs 
in rat hippocampus. Sections were obtained from saline-treated rats 
in sham control (A and F) and 1 hr (B and G), 24 hr (C and H), and 
7 days (D and /) after 20 min of ischemia. Sections were obtained 
from a pinacidil-pretreated rat 7 days after ischemia {E and 7). ( x 10.) 

diazepine binding sites, which are associated with reactive 
astroglia and macrophage invasion following an ischemic 
insult and which provide an excellent marker of neuronal 
degeneration (36). After an ischemic insult of 20 min and 7 days 
of recovery, an increase in [^HJPK 11195 labeling was partic- 
ularly observed in the pyramidal-cell layer of the CAl field and 
the hilus (Fig. 4 B and D). Pretreatment with (-)-cromakalim 
reduced the ischemia-induced increase of PH]PK 11195 bind- 
ing and thus protected against ischemia-induced loss of CAl 
pyramidal cells (Fig. 4 C and D). Counting of intact cells and 
density of neurons on histologic sections showed that delayed 
neuronal death was observed in 78% of CAl neurons 7 days 
after ischemia and that 65% of the CAl cells survived at 7 days 
of reperfusion after KCO treatment. 

Since the sulfonylurea glipizide is a potent blocker of Katp 
channels after they have been activated by KCOs (22), we 
analyzed the effect of glipizide on the protection provided by 
(-)-cromakalim. For each probe used {c-fos, c-jun, HSP70, 
APP), glipizide completely antagonized the effect of KCOs 
on the induction of expression following ischemic iiyury. Fig. 
5A shows that a hippocampal expression of HSP70 mRNA 
could be induced, as in the control (Fig. 2B), 1 hr after 
ischemia if glipizide had been iiyected prior to (-)- 
cromakalim (before ischemia), whereas, as previously ob- 
served, HSP70 induction was totally prevented by ii\jection 
of the KCO alone (Fig. 5J5). 

DISCUSSION 

KCOs are mainly known for their vasorelaxant activities and 
for their use as antihypertensive agents (14-16). The bene- 
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Fig. 4. Distribution of [^HJPK 1 1 195 binding in rat hippocampus . 
(i4-C) Sections were obtained from saline-treated rats in sham 
control (A) and 7 days after a 20-min ischemia and from a 
cromakalim-pretreated rat 7 days after ischemia (C). (x230 {D) 
Computerized image analysis of autoradiographs giving averages of 
the percentage of [^HjPK 11195 binding at 7 days of recovery in 
(-)-cromakalim-prctreated (filled bars) and saline-pretreated (open 
bars) rat hippocampus. These data are means ± SD of optical density 
determination, calculated from 20 bilateral measurements on four 
sections per animal in the three rats of each experimental group. 
Variations were assessed with a two-tailed Student / lest. Abbrevi- 
ations are those used in ref. 37: OR. stratum oriens; P, stratum 
pyramidal; RD, stratum radiatum; DGMOL and DGG, molecular and 
granule layers of dentate gyrus; HIL, hilus of dentate girus. 

ficial effects are linked to the induction of a hyperpolarization 
of the smooth muscle that prevents excessive Ca^^ entry. 

(-)-Cromakalim» pinacidil, and RP 49356 have also been 
shown to open Katp channels in cardiac myocytes (ref. 40; 
reviewed in refs. 14-16). Their action is associated with a 
shortening of the cardiac action potential that (/) prevents 
Ca^"^ entry that would normally occur during the plateau 
phase and, (i7) consequently, decreases the consumption of 
ATP which is necessary in normal conditions for the various 



Fig. 5. HSP70 mRNA induction following global ischemia and 1 
hr of recovery. {A) Rat ii^ected with glipizide 20 min prior to 
(-)-cromakalim administration. (B) Rat ii^ected with (-)- 
cromakalim. 

Ca^*^ pumps in charge of maintaining a low intracellular Ca^"^ 
concentration. Saving ATP and preventing excessive Ca^"*^ 
entry are two important properties for potential drugs in the 
treatment of cardiac ischemia. It is therefore not surprising 
that (-)-cromakalim, pinacidil, and RP 52891 are capable of 
reducing ischemic injury (41). 

Katp channels are present in the brain (19-21) with high 
density in substantia nigra, globus pallidus, cerebellum, and 
hippocampus. They are sensitive to external concentrations 
of glucose (42) and are opened by anoxia (20, 22, 43). They 
are also opened by KCOs (22). They are present in hippo- 
campus both presynaptically and postsynaptically (44-47) 
and are particularly situated in mossy fibers which are 
associated with glutamate release (48). 

Brain ischemia is associated with an excessive extracellu- 
lar level of glutamate (5), probably mainly due to the fact that 
the high intracellular Na*^ concentration produced by isch- 
emia prevents glutamate reuptake (after it has been liberated) 
through the glutamate-Na^ cotransporter (49). On the other 
hand, an important extracellular glutamate concentration will 
produce a strong stimulation of NMDA receptors and an 
increased Ca^*^ entry into target neurons that will be respon- 
sible for neuronal death (5, 7). 

Two important properties can be expected froni KCOs: (i) 
they should hyperpolarize synaptic terminals and thus mas- 
sively prevent Ca^"^ entry and consequently glutamate re- 
lease (22, 42, 46) and (i7) they should hyperpolarize gluta- 
mate-sensitive neurons, thus conferring resistance to the 
depolarization induced by the various glutamate receptors 
and preventing the relief of the Mg^*^ block of the NMDA 
receptor channel, which is known to be voltage-dependent 
and facilitated by a depolarization (50). For all these reasons 
KCOs should be expected to have a protective action against 
ischemia. 

The deleterious effects of ischemia are associated with the 
induction of expression of mRNAs encoding the Fos and Jun 
nuclear proteins (23-25). Forebrain global ischemia produced 
an induction of these immediate early genes which at 24 hr 
postischemia remained intense only in the hippocampal CAl 
field. 

HSPs, and particularly HSP70, are synthesized in a variety 
of stress-related conditions, including transient ischemia (26, 
27). Both temporal and spatial patterns of HSP70 mRNA 
induced expression following ischemia have been found in 
this work to be similar to expression patterns of c-fos and 
Z'jun, The expression of c-fos, c-jun^ and HSP70 mRNA was 
prevented by treatment with KCTOs before ischemia and by 
treatment during reperfiision, indicating that these drugs 
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abolish the stress effects created by the ischemic insult. 
When the drug is injected only before ischemia and not during 
recirculation, KCOs are neuroprotective just for 1 day. 

Many studies have shown the expression of APP following 
iiuuries of the central nervous system (28, 29, 51). One of the 
APP forms is APP751, which contains a 56-amino acid domain 
very homologous to the Kunitz family of serine protease 
inhibitors (51). The other molecular form, APPe95, which 
derives from alternative splicing of the APP gene, does not 
contain this Kunitz inhibitor-Like domain (35). The transcrip- 
tional expression of APP695 was not affected by ischemia, 
whereas the level of mRN A for APP751 was greatly increased 
24 hr after ischemia, as also was observed by Northern blot 
analyses (39). This increase occurred in granule cells of the 
dentate gyrus and in pyramidal cells of CAl and CA3 fields 
and it persisted in the CAl region until 7 days after ischemia. 
Pinacidil ii\jected before ischemia clearly blocked the expres- 
sion of APP751. 

All these results taken together show that the different 
types of KCOs prevent the ischemia-induced expression of 
very different genes. They are in complete agreement with 
results involving cell counting in the CAl sector or [^H]PK 
11195 as a marker of ceU death (36). 

One of the important properties of Katp channels is that, 
once they have been opened (e.g., by KCOs), they can be 
blocked with hig|h potency by sulfonylureas such as glib- 
enclamide or glipizide (17, 18, 22, 40, 42, 47, 52, 53). Indeed 
the beneficial effects of KCOs against the series of events 
produced by ischemia were suppressed when openers were 
administered in the presence of ^pizide before ischemia was 
started. 

In conclusion, this work shows beneficial effects of KCOs 
against global ischemia, as previously suggested (22). These 
effects are due to the action of these different compounds on 
Katp channels (probably at both pre- and postsynaptic lev- 
els). To find a practical application for these observations in 
drug therapy, it will be necessary (1) to synthesize KCOs 
which pass the blood-brain barrier and (11) to develop open- 
ers with an increased specificity for brain Katp channels, to 
avoid effects of these compounds on blood pressure. This 
seems to be feasible, since Katp channels in brain and in 
vascular smooth muscle belong to different subtypes (54). 
Moreover, it is probable that KCOs will work better in 
hypoxic or ischemic than in normoxic conditions, since their 
action is known to be facilitated in the presence of ADP (52, 
55). 

The mechanisms by which KCOs prevent the deleterious 
effects of ischemia are probably similar to those which make 
them potentially useful compounds against various types of 
epileptic seizures (31, 56). Because this class of compounds 
prevents the expressioti of mRNAs related to APP, it might 
be interesting to investigate whether they would also be 
useful in preventing the development of amyloid accumula- 
tion in Alzheimer disease itseff. 
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Mediation of Neuronal Apoptosis by 
Enhancement of Outward Potassium Current 

Shan Ping Yu, Chen-Hsiung Yeh, Stefano L. Sensi, 
Byoung J. Gwag, Lorella M. T. Canzoniero, 
Z. Shadi Farhangrazi, Howard S. Ying, Min Tian, 
Laura L Dugan, Dennis W. Choi* 

Apoptosis of mouse neocortical neurons induced by serum deprivation or by stauro- 
sporine was associated with an early enhancement of delayed rectifier {ly^ current and 
loss of total intracellular K"^. This augmentation was not seen in neurons undergoing 
excitotoxic necrosis or in older neurons resistant to staurosporine-induced apoptosis. 
Attenuating outward K"^ current with tetraethylammonium or elevated extracellular K"*", 
but not blockers of Ca^+, CI", or other K"^ channels, reduced apoptosis, even if asso- 
ciated increases in intracellular Ca^"^ concentration were prevented. Furthermore, ex- 
posure to the K"^ ionophore valinomycin or the K'^-channel opener cromakalim induced 
apoptosis. Enhanced K"*" efflux may mediate certain forms of neuronal apoptosis. 



Neurons undergo apoptosis during normal 
development and in certain disease states 
(J). Elevated extracellular K"^ interdicts 
this death (2, 3), an effect attributed to 
increasing Ca^"^ influx through voltage-gat- 
ed Ca^"*" channels, thus increasing intracel- 
lular Ca^"^ concentration ([Ca^'^JJ toward 
a set point that is optimal for survival (3). 
The antiapoptotic effect of high K"^ con- 
centration can be attenuated by removing 
extracellular Ca^^ or adding Ca^^ -channel 
blockers (3, 4), and neuronal survival can 
be enhanced by opening Ca^"^ channels 
with dihydropyridine agonists (4, 5) or in- 
hibiting intracellular Ca^^ sequestration 
with thapsigargin (6). However, although 
these data support an antiapoptotic effect of 
increasing [Ca^"^];, they do not exclude oth- 
er possibilities. Furthermore, increases in 
ICa^"*"]; can induce apoptosis under some 
conditions (7), and, in the absence of nerve 
growth factor, a high concentration of K*^ 
promoted survival of sympathetic neurons 
without an increase in [Ca^"*"!; (8). 

To test the idea that high extracellular 
K"^ might also attenuate neuronal apoptosis 
by reducing efflux, we first examined 
whether neurons undergoing apoptosis ex- 
hibited an up-regulation of outward K**" cur- 
rents. Cultured mouse cortical neurons in 
mixed (neurons and glia) or near-pure neu- 
ronal cultures (9, 10) were studied with 
whole-cell recording between 7 and 1 2 days 
in vitro (DIV) (II), A persistent outward 
current, consistent with the delayed rectifi- 
er (Fig. lA), and a transient outward 
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current, consistent with (Fig. IB) (12), 
were the two major voltage-gated K"^ cur- 
rents observed. 1^. was reduced by increasing 
extracellular K"^ (Fig. IC) and exhibited 
slow kinetics, outward rectification, and 
sensitivity to tetraethylammonium (TEA) 



and the maximal K"^ conductance more 
than doubled without change in voltage 
sensitivity or kinetics (Fig. 2, A, C, and D; 
Table 1). Holding current at -70 mV shift- 
ed from - 18 ± 6 pA at baseline to -2 ± 4 
pA after 5 hours of serum deprivation (P < 
0.05; n = 44 and 23, respectively), indica- 
tive of membrane hyperpolarization. Cell 
capacitance gradually decreased, consistent 
with progressive cell body shrinkage (Table 
1), and total intracellular K"^ dropped by 
7 ± 3% and 13 ± 4%, respectively, after 5 
and 9 hours in serum-free medium (both 
different from baseline at P < 0.05; n = 10) 
(14). The enhanced remained sensitive 
to block by TEA (Fig. 2B); 5 mM TEA 
completely prevented loss of intracellular 

No change in was seen in neurons 
exposed to a sham wash (Fig. 2C). The 
enhancement in induced by serum de- 
privation was not blocked by cyclohexi- 
mide (1 |xg/ml) (Table 1), suggesting that 
the enhancement did not require new pro- 
tein synthesis. 

Neuronal apoptosis induced in mixed 
cultures (DIV 10 to 12) by 0.1 jxM stauro- 
sporine was also associated with an en- 



(Fig. lA) (13). exhibited rapid activa- hancement in l^. Despite an initial nonsig- 
tion and inactivation as well as sensitivity 
to 4-aminopyridine (4AP) (Fig. IB). A 
small inward rectifier current activated with 
hyperpolarization and a small outward cur- 
rent consistent with the ATP-sensitive 
current (K^^p) was also observed. Other 
major K"*" currents, the M-current (1^) and 
the Ca^"^ -dependent, high-conductance 
current (BK current), were not detected. 

In seven to nine DIV neurons in neuro- 
nal cultures, the steady-state current of Ij^ 
activated by voltage jump from —70 to +40 
mV was 506 ± 46 pA (n 25 cells, 
mean ± SEM). Six hours after serum with- 
drawal, at +40 mV was increased by 61% 



nificant trend toward reduced after 30 
min, after 9 to 1 1 hours 1^ was increased by 
90% and maximum K"*" conductance was 
doubled (Table 1). In contrast, did not 
change in neurons that underwent N-meth- 
yl-D-aspartate (NMDA)-induced excito- 
toxic necrosis (Table 1), although by 11 
hours neurons exhibited substantial cell 
swelling. Furthermore, exposure to stauro- 
sporine did not alter 1^ in older neurons 
(DIV 17; n = 5), which survive such expo- 
sure (15). 

Serum deprivation and staurosporine ex- 
posure also altered the transient current I^, 
although with opposite effects. At times of 
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Fig. 1. Voltage-gated K*^ currents in 
cultured cortical neurons. (A) Normal 
recorded from neurons in mixed neuro- 
nal glial cultures. Current was activated 
by stepping from a holding potential of 
-70 to +40 mV for 300 to 600 ms, with 
leak current subtraction. The nonlnac- 
tivating outward current was dose de- 
pendently blocked by 1 to 40 mM bath- 
applied TEA (effects shown are 5 and 
40 mM). (B) 4AP selectively blocked a 
transient outward K"^ current, 1^. Cur- 
rents were activated by a voltage step 
from - 1 00 to - 1 0 mV. The initial tran- 
sient outward current was blocked by 5 
mM 4AP, consistent with The 4AP 
resistant current was blocked by TEA, consistent with as shown In (A). (C) was sensitive to 
extracellular K"*" concentration. When K"^ was increased from 5 to 22.5 mM, the same voltage step 
activated a smaller outward current, similar to the effect of 5 mM TEA. The inhibitory effect of medium 
with high K"^ concentration Is expected from a reduced driving force for K"^ efflux, predicted by the 
Nernst equation. 
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Table 1. Effects of apoptotic and necrotic insqjts on /^^. steady-state 
current activated by voltage step from -70 to +40 mV; (S^^, maximum 
conductance; threshold' voltage threshold for ly^ activation; 0,^, membrane 
capacitance; 1/2/1, voltage for half activation; x^pgning. tirne constant for 1^^ 
opening at +40 mV measured in the presence of 5 mM 4AP by single 
exponential curve fitting. These parameters were examined before (control) 



and at plateau levels after insults: 1 1 hours in staurosporine (0.1 |xM), 6 hours 
in serum deprivation, and 1 1 hours in 1 5 jjlM NMDA (plus 1 0 jjlM glycine; DIV 
10 to 12 mixed cultures). Cycloheximide concentration was 1 |xg/ml. Serum 
deprivation and staurosporine exposure were performed in pure neuron 
cultures and mixed cultures, respectively {9, 10). 









Cm 


ly^ density 


^threshold 


^1/2 


'^opening 




(pA) 


(nS) 


(pF) 


(pA/pF) 


(mV) 




(mV) 


(ms) 




Control 


506 ± 46 


4.1 ± 0.5 


31.6 ± 2.4 


25.2 ± 6.7 


-33.3 ± 


3.1 


2.6 ± 1.1 


21.7 




3.6 


Serum deprivation 


815 ± 6r 


9.7 ± 0.2* 


24.9 ± 2.r 


47.0 ± 4.9* 


-34.5 ± 


2.5 


1.6 ± 0.9 


28.8 




3.3 


Control 


512 ± 81 


4.6 ± 0.6 


32.0 ± 2.8 


15.2 ± 2.6 


-33,0 ± 


3.2 


2.5 ± 1.0 


22.1 




3.5 


Staurosporine 


969 ± 145* 


9.8 ± 2.6* 


23.9 ± 2.0* 


31.8 ± 7.2* 


-38.1 ± 


1.0* 


-2.1 ± 0.6* 


25.9 




4.0 


Control 


361 ± 59 




















Serum deprivation 


760 ± 149* 
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Control 


597 ± 97 




















NMDA 


565 ± 151 





















*Significant difference (P < 0.05) from respective control by t -test; ^ = 5 to 25 (most n s 10). 



maximal change, serum deprivation (6 
hours) increased by 28% (P < 0.05; n = 
20), whereas staurosporine (0.1 ^JiM; 9 
hours) decreased 1^ by 75% (P < 0.05; n = 
8). Exposure to NMDA did not alter Ia- 
Because activity of voltage-gated Ca^"^ 
channels may affect apoptosis, we moni- 
tored high- voltage-activated (HVA) Ca^"*" 
currents during serum deprivation and 
found no significant change (232 ± 35 pA 
in control cells, 192 ± 33 and 147 ± 51 pA 
after 6 and 9 hours; P = 0.43 and 0.22, 
respectively; n = 5 per condition). Tested 
after 5 to 9 hours in 0. 1 ^JiM staurosporine, 
the and BK currents remained undetect- 
able; the inward rectifier and K^yp current 
were not altered. 

The selective enhancement of in- 
duced by either serum deprivation or stau- 
rosporine exposure, as well as the increase 
in induced by the former, occurred be- 



fore development of neuronal apoptotic 
death (16), consistent with a critical early 
role. In support of this idea, adding 1 to 5 
mM TEA or increasing extracellular K"^ 
from 5 to 25 mM reduced both forms of 
apoptosis (Fig. 3, A and B). In contrast, 
neither the TEA analog tetramethylammo- 
nium (5 mM; inactive on lyj nor 4AP (5 
mM; antagonist for the slowly inactivating 
K*^ current as well as J^) was effective 
(Fig. 3B). Other antagonists that targeted 
^ATP (tolbutamide; 100 to 500 |jlM) or the 
SK channel (apamin; 1 |xM) also lacked 
protective effect. TEA may inhibit Cl~ cur- 
rents in cortical neurons (i7); however, no 
neuroprotection was observed with the 
CI "-channel antagonist anthracene-9-car- 
boxylic acid (500 \xM) (data not shown). 

We considered the possibility that the 
protective effect of TEA was mediated by 
an increase in [Ca^"^];. Neuronal [Ca^^]; 



measured with fura-2 (18) was about 100 
nM at rest and increased to a plateau value 
of about 200 nM after 1 to 2 hours of 
exposure to 5 mM TEA or 25 mM K"*". 
Gadolinium (2 to 10 ^iM), which complete- 
ly blocked the HVA Ca^"^ current (Fig. 
4A), kept [Ca^"'']; at resting level during 2 
to 16 hours of exposure to TEA or 25 mM 
(Fig. 4B); neither gadolinium (Fig. 4C) 
nor the L-type Ca^ """-channel antagonist ni- 
fedipine (5 |jlM; Fig. 4D) blocked the anti- 
apoptotic effects. Neither gadolinium nor 
nifedipine showed neuroprotection when 
applied alone (Fig, 4, B and C). 

We considered the possibility that mem- 
brane depolarization might mediate the anti- 
apoptotic effects of TEA or high K*^ concen- 
tration. However, the Na"^ -channel opener 
veratridine, which depolarized the membrane 
from control -51 ± 2 mV (n = 45) to 
—30 ± 2 mV (n = 21), similar to the mem- 
brane depolarization by 5 mM TEA (— 34 ± 4 
mV; n = 15), increased staurosporine- induced 
neuronal cell death (Fig. 3B). 

In support of the hypothesis that in- 
creased K"*" efflux might be a primary step 
leading to apoptosis, application of the se- 
lective K"*" ionophore valinomycin (J 9) 
triggers apoptosis in thymocytes, lympho- 
cytes, and tumor cells (20). Exposure to 20 
nM valinomycin for 24 to 48 hours induced 
typical neuronal apoptosis in cortical cul- 
tures, characterized by chromatin conden- 
sation, cell body shrinkage, intemucleoso- 
mal DNA fragmentation, and sensitivity to 
cycloheximide (1 jJig/ml) or the caspase in- 
hibitor Z-Val-Ala-Asp-fluoromethylketone 
(100 fxM) (zVAD; Fig. 5). Furthermore, 24 
to 48 hours of exposure to the K"*" -channel 
opener cromakalim, which activates K^tp 
channels as well as /j^-like currents in mam- 
malian central neurons (2J), also induced 
typical neuronal apoptosis (Fig. 5). 

In summary, four arguments suggest that 
a long-lasting enhancement of outward K"^ 



Fig. 2. Enhancement of 
by serum deprivation. (A) 
(Left) Recordings from DIV 9 
neurons in pure neuronal 
cultures showing the l-V re- 
lationship of /k as revealed 
by rectangular and ramp 
voltage steps. (Right) After 6 
hours of serum deprivation, 
the same voltage steps trig- 
gered much larger currents 
and outward rectification. 

(B) "The enhanced by serum deprivation was still sensitive to TEA. (C) 
Change in /^^ with time in control cells (•) and in cells undergoing 
apoptosis induced by serum deprivation (■) (n = 5 to 1 5 cells at each 
point). (D) Increased conductance by channels after 6 hours in 
serum -free medium. Asterisk indicates difference from control at P < 
0.05 by t -test. 
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current is a key mediator of the forms of 
cortical neuronal apoptosis studied here. 
First, augmentation in /j^ and loss of neuro- 
nal cell K"*" occurred early in the course of 
neuronal apoptosis, well before the commit- 



tment point (16), The magnitude of this 
increase "in K"*" current is comparable with 
that associated with mitogenesis (22) and 
proliferation (23) in several cell types 
(^0.5- to 3 -fold increases of peak outward 



K"^ cunrent). Second, this /j^ augmentation 
was specific to apoptosis but not triggered 
by necrotic insult or in older cells resistant 
to apoptosis. Third, blocking of this Ij. en- 
hancement and cellular K"^ depletion by 
TEA or by increasing extracellular K"^ pre- 
vented apoptosis. Finally, increasing mem- 
brane permeability by adding either the 
ionophore valinomycin or the endogenous 
K"^ -channel opener cromakalim sufficed to 
induce neuronal apoptosis. 

In isolation, the third argument stated 
above is unsurprising, because both TEA 
and raising extracellular K"*" increase neu- 
ronal excitation and [Ca^''"]j, and thus re- 
duced apoptosis would be predicted by the 
Ca^"^ set-point hypothesis. However, neu- 
roprotection was maintained even when as- 
sociated increases in ICa^'*']; were complete- 
ly blocked. Some membrane-associated sig- 
naling proteins such as adenylyl cyclase may 
be voltage sensitive (24), but comparable 
membrane depolarization induced by vera- 
tridine was not neuroprotective. 

Involvement of K"^ efflux in apoptosis 
has intuitive appeal, because loss of cell 
volume is a cardinal feature of apoptosis, 
and K"^ extrusion is a plausible mechanism 
to achieve this loss (25). The blocker 
4AP recently has been reported to inhibit 
the shrinkage of human eosinophils under- 
going cytokine deprivation-induced apo- 
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ptosis. (A) Electron micrographs ^^^/^ 
of a control neuron (left) and ap- 
optotic neurons (arrows) induced by 24 hours of 
exposure to the selective ionophore valinomy- 
cin {20 nM) (middle) or by the K"^ -channel opener 
cromakalim {500 m-M) {right). Bar = 3 M,m. (B) DNA 
laddering on agarose gels after 24 hours of expo- 
sure to valinomycin {lane 3) or cromakalim (lane 6). 
The marker columns (lanes 1 and 4) show Hind 
I II -digested \ DNA. Lanes 2 and 5, controls. (C) 
Valinomycin-induced neuronal death, assayed by 
staining with 0.4% trypan blue dye, was attenuat- 
ed by addition of cycloheximide (1 n-g/ml) (CHX; n 
= 1 2) or 1 0OjjiM zVAD {n ^ ^2). Asterisk indicates 
significant difference from control at P < 0.05 by 
t -test with Bonferroni correction for two compar- 
isons. SW, sham wash. 



Fig. 3. Prevention of apoptosis by /k blocker TEA 
or by raising extracellular K"^ concentration. Pure 
neuronal culture (DIV 7 to 9) in 24-well plates was 
used for serum deprivation because the presence 
of glia prevents neuronal degeneration after serum 
deprivation. Mixed culture containing neurons and 
a glia bed (DIV 1 0 to 1 2) was used for exposure to 
staurosporine (0.1 |jlM). NM DA receptor antagonist 
1 jiM dizocilpine maleate {{-i-)-5-methyl-10,11- 
dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine 
(MK-801)} and non-NMDA receptor blocker 2,3- 
dihydro-6-nitro-7-sulfamoylbenzo(f)quinoxaline (5 
^M) were added to block glutamate excitotoxicity 
in serum-deprivation experiments. Neuronal death 
was detected 24 and 48 hours after apoptotic 
insult. (A) (Left) Phase-contrast micrograph of a 
pure neuronal culture 48 hours after onset of serum 
deprivation, showing widespread neuronal apo- 
ptosis. (Right) Presen/ation of neurons in serum- 
free medium in the presence of 5 mM TEA. Bar = 
50 ^,m. {8} Neuronal apoptosis, expressed as a 
fraction of the total number of neurons, induced by 48 hours of exposure to serum deprivation (left) or 0.1 
fxM staurosporine (right), either alone or in the presence of the indicated bath-applied drug (mean ± SEM; 
n = 4 to 16 cultures per condition). Semm-deprivation-induced cell death was assessed by cell counts 
after staining with 0.4% trypan blue dye. For staurosporine experiments, cell death was measured by 
lactate dehydrogenase released into the medium (50). Cell deaths by both insults were assayed alterna- 
tively by two methods and similar results were obtained. Higher concentrations of TEA (20 mM) were toxic. 
Asterisk indicates significant difference from the control at P < 0.05 by Mest with Bonferroni correction for 
four comparisons. 
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Fig. 4. Protective effects of TEA and 25 mM 
were not dependent on an increase in [Ca^'*'lj. {A) 
HVA Ca^"^ currents, activated by a voltage step 
from -70 to +10 mV, were blocked completely 
by bath-added 2 ^xM gadolinium {Gd^+). The 
same results were obtained from three additional 
experiments. (B) Before break, bath application of 
5 mM TEA (■) triggered an initial sharp increase in 
[Ca2+]j as measured by fura-2 video microscopy, 
followed by relaxation to a lower plateau value 
(mean ± SD; n > 30 neurons for each time point). 
Results were similar in two additional experi- 
ments. TEA plus staurosporine produced a pat- 
tern of [Ca^'^lj increase similar to that produced by 
TEA alone; exposure to 0.1 ^xM staurosporine 
alone for 2 hours did not alter baseline neuronal 
[Ca2"^]j (data not shown). Gd^"*" (5 jjlM) completely 
blocked the TEA-induced increase in 103^"^], in the 
presence of 0.1 p.M staurosporine. After break, in 
the presence of TEA plus Gd^"*" (A), [Ca^^]; re- 
mained at resting levels for up to 16 hours 
(mean ± SD; n > 200 cells from four experi- 
ments). Similarly, 2 ^JLM Gd^"^ completely prevent- 
ed the 25 mM K"^ -induced [Ca^'^l increase (data 
not shown). wash control. (C) Ability of 5 mM 
TEA or 25 mM K"^ to reduce neuronal apoptosis 
induced by serum deprivation (SD) (left) or staurosporine exposure (STP) (right) was not blocked by 
coapplication of 2 or 10 jiM Gd^"^ (n = 20 to 32 cultures per condition except n = 4 for staurosporine 
plus Gd^"^ condition). SW, sham wash. (D) Neuroprotective effects of 5 mM TEA or 25 mM K*^ against 
apoptosis induced by either serum deprivation SD (left) or staurosporine STP (right) were not affected by 
coapplication of 5 ^xM nifedipine {n = 1 2 for serum deprivation and n = 4 for staurosporine experiments). 
Cell death was measured as described in Fig. 3. Asterisk indicates significant difference from control at 
P < 0.05 by t -test with Bonferroni correction for two or three comparisons. 
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ptosis (26). Additional study is needed to , 
delineate the exact mechanisms by which 
activation of might promote neuronal 
apoptosis. One possible arena for linkage 
between these events is in cell cycle con- 
trol, because K"^ channels and a decrease in 
intracellular K"^ have been implicated in 
initiation of mitosis (27), and apoptosis has 
been postulated to reflect an "abortive mi- 
tosis" (28). Furthermore, agents that reduce 
intracellular K"^ may activate caspases in 
macrophages or monocytes (29). We sug- 
gest that interventions directed at blocking 
excessive K"*" efflux, in particular by the 
noninactivating delayed rectifier K"^ chan- 
nel, be explored as a strategy for attenuating 
neuronal apoptosis in disease states. 
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Immunotherapy of Tumors with Autologous 
Tumor-Derived Heat Shock Protein Preparations 

Yasuaki Tamura,* Ping Peng,* Kang Liu, IVIaria Daou, 
Prannod K. Srivastavat 

Immunotherapy of mice with preexisting cancers with heat shock protein preparations 
derived from autologous cancer resulted in retarded progression of the primary cancer, 
a reduced metastatic load, and prolongation of life-span. Treatment with heat shock 
protein preparations derived from cancers other than the autologous cancer did not 
provide significant protection. Spontaneous cancers (lung cancer and melanoma), chem- 
ically induced cancers (fibrosarcoma and colon carcinoma), and an ultraviolet radiation- 
induced spindle cell carcinoma were tested, and the results support the efficacy of 
autologous cancer- derived heat shock protein-peptide complexes in immunotherapy of 
cancers without the need to identify specific tumor antigenic epitopes. 



Heat shock proteins (HSPs) GP96, HSP90, 
and HSP70, when purified from cells, are 
associated with a broad range of peptides 
derived from that particular cell, such that 
the HSPs chaperone the antigenic repertoire 
of the cells from which they are purified ( J ). 
Immunization with HSP-peptide complexes, 
whether derived endogenously (2-4) or re- 
constituted in vitro (5, 6), elicits potent T 
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cell responses against the chaperoned pep- 
tides and hence against the cells from which 
the HSPs are purified, as seen in studies with 
cancers (1,3, 7-9), viruses (4, 10-12), mod- 
el antigens (5, 6, 13), and minor histocom- 
patibility antigens (13). We now examine 
the use of HSP-peptide complexes in the 
treatment of a variety of established cancers 
of spontaneous and experimental origin. 

The 3LL (Lewis lung) carcinoma of 
C57BL/6 mice {14, 15) is a nonimmuno- 
genic spontaneous cancer. It metastasizes 
naturally to the lungs if injected subcutane- 
ously or in the footpad. HSP GP96 prepa- 
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Rat mature cerebellar granule, unlike hippocampal 
neurons, die by apoptosis when cultured in a medium 
containing a physiological concentration of K"*" but sur- 
vive under high external K"^ concentrations. Cell death 
in physiological parallels the developmental expres- 
sion of the TASK-1 and TASK-3 subunits that encode the 
pH-sensitive standing outward K"^ current IKso. Genetic 
transfer of the TASK subunits in hippocampal neurons, 
lacking IKso, induces cell death, while their genetic in- 
activation protects cerebellar granule neurons. Neuro- 
nal death of cultured rat granule neurons is also pre- 
vented by conditions that specifically reduce K"*" efflux 
through the TASK-3 channels such as extracellular aci- 
dosis and ruthenium red. TASK leak K"*" channels thus 
play an important role in K"*" -dependent apoptosis of 
cerebellar granule neurons in culture. 



Cell excitability is a critical determinant of neuronal survival 
during brain development (1, 2). K^ channels set both the 
resting membrane potential and the action potential duration. 
Opening of channels and consequent efflux of K"^ signifi- 
cantly influence neuronal death/survival (3-10). channels 
can either induce neuronal apoptotic cell death (3-7) or, by 
contrast, protect neurons from ischemia and excitotoxicity (8- 
10). For instance, overexpression of the weak inward rectifier 
channel ROMKl, causes chronic silencing and apoptosis of 
rat hippocampal neurons (7), while opening of the K^tp chan- 
nel with cromakalim is involved in preconditioning and is thus 
neuroprotective (8, 9). K"^ channels can also have an oncogenic 
potential as described for the EAG, HERG, and the KCNK9 
(TASK-3) channels (11-14). Thus, depending on the channel 
subunit and/or the cell type, K^ channels can exert either 
protective or deleterious effects. 

Programmed cell death is pau-ticularly important in the de- 
veloping cerebellum (15-17). During the first post-natal week, 
intense proliferation of the external granular layer (EGL) gives 
rise to several millions of granule neurons (GN)^ that migrate 
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across the molecular and Purkinje layers to reach the inner 
granular layer (IGL) (15, 17). Massive apoptosis contributes to 
numerically match GN with the post-synaptic Purkinje neu- 
rons. Both synapse-dependent and -independent events are 
involved in developmental GN apoptosis (15, 17). Various neu- 
rons including rat GN die by apoptosis when cultured in a 
medium containing a physiological concentration of K^ (5, 6, 
16, 18-20). K^-rich depolarizing culture medium as well as K^ 
channel blockers promote neuronal survival in vitro (5, 6, 16, 
18-24). In the present report, we investigated whether K^ 
channels might be involved in in vitro K^ -dependent granule 
neuronal apoptosis. 

A novel family of mammalian K"^ channel subunits which 
comprise four transmembrane segments and two P domains in 
tandem has recently been discovered (25-28). So far, 15 human 
2P domain K^ channel subunits have been identified. These 
subunits dimerize to form functional K"^ channels (29, 30). The 
TASK 2P domain K^ channels are characterized by a typical 
leak or background activity and are open at rest. By contrast, 
the TREK/TRAAK 2P domain K"^ channels require either a 
physical (stretch, heat, intracellular acidosis) or chemical (poly- 
unsaturated fatty acids, lysophospholipids, inhalational anes- 
thetics, riluzole, membrane crenators) stimulation to open (25, 
26). The 2P domain K"^ channels are resistant to the classical 
K"^ channel blockers including tetraethylammonium (TEA) and 
4-aminopyridine (4-AP) (25, 26). TASK-1 and TASK-3 channels 
(KCNK3 and KCNK9) are reversibly inhibited by extracellular 
acidosis with a pK value of about 7.3 and 6.7, respectively 
(30-36). TASK-1 is preferentially inhibited by anandamide, 
independently of the CB receptor (37), while TASK-3 is blocked 
by ruthenium red in the micromolar range (38). The TASK 
channels are additionally down-modulated by the activation of 
Gq-coupled receptors including the m3 muscarinic receptor 
(39-41). TASK channels have recently been implicated in cen- 
tral and peripheral chemoreception, in the control of aldoster- 
one secretion from adrenal glomerulosa cells, in cardiac arryth- 
mias and in general anesthesia (35, 39, 40, 42-45). 

TASK-1 and TASK-3 subunits are abundantly expressed in 
cerebellar GN (31-34, 36, 41, 46, 47). Rat GN express high 
levels of an outwardly rectif5dng K"^ current, termed IKso 
(standing outward K"^ current), which shaues all the biophysi- 
cal, pharmacological, and regulation characteristics of the 
TASK-1 and TASK-3 two-pore domain K"" channels (41, 48, 49). 
In this study, we demonstrate that TASK-3 channels contrib- 
ute to IKso and are involved in K '^-dependent rat granule 
neuronal death in culture. 
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MATERIALS AND METHODS 

Neuronal Cell Cultures — Cerebellar granute cells wore prepared 
from 7-8-day-old Wistar rats (Iffa Credo, France). Neurons were seeded 
on poly-L-lysine (50 /Ltg/ml)-coated dishes or coverslips at a density of 
2.5 X 10^ cells/cm^ and cultured in Eagle's basal medium (EMEM, 
Sigma) supplemented with 10% fetal calf serum (Invitrogen), 25 mM 
KClj 0.5% pen ici 11 in -streptomycin. To prevent growth of glial cells, 
cytosine arabinoside (Ara-C) (10 ^u) was added to the cultures 24 h 
following plating. GN were similarly prepared from 5-6-day-old OFl 
mice. 

Hippocampal neurons were prepared from 18 -19 -day fetal Wistar 
rats (Iffa Credo, France). Neurons were seeded on poIy-D-lysine-coated 
plates at a density of 2 X 10^ cells/cm^ and cultured in EMEM supple- 
mented with 10% horse serum (Sigma) and 0.5% penicillin-streptomy- 
cin. After 48 h, the serum-supplemented medium was replaced by 
EMEM containing B27 supplement, and cells were used for viral infec- 
tion experiments after 1 week. 

Electrophysiological Recordings — The electrophysiological procedure 
has been previously described in detail elsewhere (31, 37, 44). Whole 
cell currents were recorded in the perforated configuration with am- 
photericin B (240 fig/ml). The standard external solution contained 120 
mM NaCl, 5 mM KCl, 2 mM MgCi^, 0.5 mM CaClg, 5 mM glucose, 10 mM 
HEPES pH 7.4 with NaOH. The pipette solution contained 125 mM KCl, 
5 uiM MgCla, 0.1 mM EGTA, and 5 mM HEPES pH 7.2 with KOH. Cells 
were continuously superfused with a microperfusion system during the 
time course of the experiments (0.1 ml/min). Experiments were per- 
formed at room temperature. The K'^-rich solution contained 120 mM 
KCl instead of NaCl . pH of the external solution was adjusted with HCl. 
Staurosporine (Sigma) stock solution was made in MeaSO at a concen- 
tration of 10 mM. Methanandamide was provided as an ethanol solution 
(BioMol). VDMll (a gift of V. Di Marzo) and AAOCF3 (BioMol) were 
disolved in ethanol at a concentration of 100 mM. Muscarine (Sigma) 
stock solution was made in water at a concentration of 100 mM. 4-Di- 
phenylacetoxyl-N-methylpiperidine methiodide (4-DAMP) (RBI), tetra- 
ethylammonium (TEA, Sigma), 4-aminopyridine (4-AP), and ruthenium 
red (Sigma) were directly dissolved in the external medium. Solvents 
were routinely included in the control solutions when needed, and pH 
was always carefully adjusted. 

Induction of Apoptosis — Unless otherwise stated, the GN were main- 
tained for the first 8 days in vitro (8 DIV) in a standard medium (S^ , 
25K) (EMEM, Sigma) containing 10 /aM cytosine arabinoside. Hereafter, 
the cells were washed once and then switched to a serum-free medium 
containing 5 mM K^ and 20 mM NaCl instead of KCl {S~, 5K). Sister 
cultures were washed identically and maintained in serum-free me- 
dium containing 25 mM KCl (S~, 25K). In control experiments, the effect 
of short term serum deprivation was determined on cell survival. Hy- 
drolyzed fetal calf serum (Invitrogen) was used in the S"^ conditions, 
because addition of fresh normal calf serum is known to be toxic to 
mature GN (50, 51). During a 15-h treatment (maximal time window 
used in the present report), serum deprivation did not significemtly 
alter cell survival in either 5 mM or 25 mM KCl-treated cultures. Both 
the S~ 5 K and 25 K media lacked cytosine arabinoside that has been 
previously shown to be toxic to cerebellar granules after K"^ withdrawal 
(51). In this model of culture, neuronal death is thus mainly due to K^ 
withdrawal (51). In the complete absence of cytosine arabinoside in the 
culture medium, both glial cells and GN survive up to 10 days in the S^, 
25K medium, whereas only glial cells survive in the S^, 5K medium. 
Cell death in the 5K medium was therefore independent of the presence 
or the absence of cytosine arabinoside, i.e. of glial cells. pH was buffered 
using either: 1/increasing concentrations of HCO3 in the EMEM(os- 
motic compensation with NaCl); 2/HEPES 10 mM titrated with NaOH 
(2 M in EMEM). Osmolarity of the culture medium was checked with a 
Knauer automatic osmometer. In experiments with pharmacological 
agents, solvents were always included in the control solutions when 
needed. 

Assessment of Cell Death — Neuronal injury was quantitatively as- 
sessed by the measurements of lactate dehydrogenase (LDH) release in 
the medium or by staining the nuclei with the cromatin-fixing dyes 
propidium iodide (PI) or 4',6'-diamidino-2-phenylindole (DAPI). For 
staining purposes, cells were fixed with freshly prepared paraformal- 
dehyde (PFA) 4%. For nuclear staining with PI, cells were permeabi- 
hzed with 70% ethanol and incubated in phospate-buffered saline con- 
taining propidium iodide (5 /mg/ml during 10 min). The nuclei of dying 
cells were highly fluorescent and condensed compared with live cells. 
Neuronal cell death was scored by counting in at least 6 randomly 
chosen subfields with a 25X objective for each sample. Results are 
mean ± S.E. of counting in three independent experiments. Staining 



with DAPI was performed using a ready-to-use mounting medium 
containing DAPI (Vectashield, Vector). Further assessment of apoptosis 
was performed as described below. 

RNA Extraction and Reverse Transcription PCR — Cells grown in (S^, 
25K) in 60- mm dishes were recovered for RNA analysis at distinct days 
in vitro (DIV 1, 3, 5, and 8). For comparison, cerebellum was isolated 
from 7-, 10-, 14-, and 21-day-old rats. Total RNAs were extracted by the 
TRIzoI method (Invitrogen) for cerebellum and by the RNeasy Mini Kit 
(Qiagen) for cultured granule neurons. Reverse transcription was per- 
formed with 2 fxg of total mRNA, treated for 30 min with DNasel (Roche 
Applied Science), and reverse -transcribed with Superscript II reverse 
transciptase (Invitrogen). Real-time PCR analysis (SYBR Green Mas- 
termix Plus, Eurogentec) was performed to estimate the level of expres- 
sion of both TASK-1 and TASK-3 in cerebellum and cultured granule 
neurons. Real-time PCR assays for each gene target were performed on 
cDNA samples in 96-well optical plates on an ABI Prism 7700 Sequence 
Detection system (PE Biosystems). PCR data was captured using 
Sequence Detector Software. The data were analyzed using the com- 
parative C-r method where the amovmt of target is normalized to an 
endogenous reference (cyclophylin D) (User Bulletin N*2 Applied Bio- 
systems). Experiments were performed in triplicate. The following 
primers were used for PCR: rTASK-1, for: 5'-CGGCTTCCGCAACGTC- 
TAT-3' and rev: S'-TTGTACCAGAGGCACGAGCA-S'; rTASK-3, for: 
5'-GACGTGCTGAGGAACACCTACTT-3' and rev: 5'-GTGTGCATTC- 
CAGGAGGGA-3'; cyclophilin D, for; 5'-GGCTCTTGAAATGGAC- 
CCTTC-3' and rev: 5'-CAGCCAATGCTTGATCATATTCTT-3'. Stand- 
ard curves were generated for each set of primers using serial dilutions 
of rat brain cDNA to ensure a similar efficiency of amplification. 

DNA Fragmentation Analysis — Cells (60-mm culture plates) were 
lysed in extraction buffer (5 mM Tris, pH 7.5, 100 mM EDTA, 1% sodium 
dodecyl sulfate (SDS), and 200 ^tg/ml proteinase K) at 37 °C overnight. 
DNA was subsequently extracted with phenol and chloroform/isoamyl 
alcohol and treated with RNase A (50 /xg/ml) at 37 ^'C for 1 h. DNA was 
precipitated with isopropyl alcohol and analyzed on an agarose gel 
(1.2% agarose (SeaKem GTG, FMC BioProducts). The gel was stained 
with ethidium bromide and visualized using a UV light source. For 
terminal deoxynucleotidyl transfer as e-mediated DNA nick-end labeling 
(TUNEL) labeling, the in situ cell death detection kit (fluorescein) from 
Roche Applied Science was used according to the manufacturer's 
instructions. 

Assessment of Caspase Activity — After incubation of GN in low K^ 
media for 4 h (at distinct pH: 6.4, 6.8, and 7.2), cells were rinsed in 
phosphate-buffered saline, gently scraped, pelleted by centrifugation, 
and resuspended in 40 txl of lysis buffer, and caspase activity was 
determined using the Neosystem kit. Results are the mean ± S.E. of 
triplicate values. 

Generation of Semliki Forest Virus (SFV) Vectors — The mutant vec- 
tor SFV(PD) carries two point mutations in the non -structural protein 
2 gene (S259P and R650D) and is characterized by a lack of cellular 
toxicity and an increased level of transgene expression, as compared 
with the wild -type SFV vector. To express the EGFP reporter gene 
(Clontech) separately from any gene of interest, we transformed 
pSFV{PD) into a double-subgenomic RNA promoter vector, termed 
pSFV(PD)-Sub-GFP. Briefly, using pSFV-GFP as a template, we am- 
plified by PCR the cDNA encompassing the 26 S subgenomic RNA 
promoter region (including the 19 nucleotides upstream from the 26 S 
subgenomic RNA), and the EGFP gene with primers containing a Notl 
and an Apal site (forward and reverse primer, respectively). The re- 
sulting PCR fragment was then inserted into the NotVApai sites of 
pSFV(PD), yielding pSFV(PD)-Sub-GFP. This vectors retains in the 
multiple cloning site the following unique restriction sites to insert 
genes of interest under the control of the first 26 S subgenomic RNA 
promoter: Rsrll-Bssmi-Xmal-Smal-Xhol-Spel-Notl (5'- to 3'-end). We 
used pSFV(PD)-Sub-GFP to insert the following cDNAs: mTREK-1, 
mTREKl^^^, rTASK-1, rTASK-3, rTASK-1^^^^, and rTASK-3'^^^^. In 
vitro transcribed vector RNA was introduced with RNA from pSFV- 
Helper2 into baby hamster kidney 21 (BHK) cells by electroporation. 
Recombinant SFV particles were harvested after 24 h, activated with 
«-chymotrypsin, centrifuged at 35,000 rpm for 2 h, and resuspended in 
neuronal medium. TASK-1 and TASK-3 viruses were generated in a 
culture medium containing 25 mM KCl. 

TASK Viral Overexpression in Cerebellar Granule and Hippocampal 
Neurons — Hippocampal neurons 6 DIV were infected as indicated 
above, but the media were replaced by freshly pH-adjusted EMEM after 
2 h of incubation. After 16-24 h, cells were rinsed and fixed in 4% 
paraformaldehyde and used for DAPI and TUNEL staining. For 
TUNEL labeling we used the in situ detection kit (TMR-red) from Roche 
Applied Science. Cells were analyzed by fluorescence microscopy. Chan- 
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Fig. 1. Developmental expression of IKso in cultured rat cerebellar granule neurons. A, I-V curve of a DIV 2 GN recorded with the 
whole cell amphotericin B perforated patch clamp technique. The cell was held at a holding potential of 0 mV and voltage ramps of 500 ms in 
duration were applied every 10 s to -120 mV. Current was recorded under low K"^ condition containing 5 mM KCI at pH 7.4 and 6.4. IKso was 
finally recorded in the K^-rich medium containing 125 mM KCI. B, same as A with a 9 DIV GN. IKso was recorded in the presence of 10 mM TEA 
and 3 mM 4-AP. C, recording of IKso with a voltage step from a holding potential of 0 mV to -80 mV; same cell as in B, D, gradual inhibition of 
IKso, normalized to the value recorded at pH 7.4, at decreasing external pH, This dose effect curve was constructed in the presence of 10 mM TEA 
and 3 mM 4-AP at a holding potential of 0 mV. A pK value of 6.7 was estimated by fitting the experimental data point with a Boltzmann 
relationship. Each data point is the mean of 3-16 cells. E, relationship between IKso current density measured at 0 mV as a function of the duration 
of GN culture (DIV). Each data point is the mean of 3-15 cells. F, evolution of the resting membrane potential during development of cultured GN 
(DFV). Each data point is the mean of 3-11 cells. 



nel-expressing cells were visuaHzed by green fluorescence, TUNEL- 
labeled cells by red fluorescence, and DAPI -colored nuclei were visual- 
ized by blue fluorescence. Apoptotic cells were scored by counting 80 
green cells from each culture dish, two dishes per condition. The results 
were pooled fi*om four separate experiments. In each case, cell viability/ 
death were estimated by both DAPI and TUNEL labeling. 5 DIV GN 
cultures were infected by addition of virus into the culture medium. The 
viruses were lefi; for 36 h, because of a weaker efficiency of infection 
compared with hippocampal neurons, then GN were transferred to 
virus-free media containing 5 mM KCI. Cells were fixed with paraform- 
aldehyde after 6 h. After fixation, cells were mounted in DAPI-contain- 
ing mounting medium, and the number of dead (pyknotic or fragmented 
nuclei) or alive green fluorescent cells were counted by fluorescence 
microscopy. Non-neuron al cells, which were bigger and less bright after 
the DAPI staining were not counted. The results were pooled ft-om four 
separate experiments. 

RESULTS 

Developmental Expression of IKso and TASK Channel Sub- 
units in Rat Cerebellar Granule Neurons — IKso was present at 
a very modest level in young neurons (DIV 1-3), whereas there 
was a gradual and substantial increase in its amplitude in 
older cultures (Fig. 1,A-E). The current density of IKso and the 
resting membrane potential reached a maximum at about 9-10 
DIV (Fig. 1, E-F). IKso displayed a typical background activity, 
which was inhibited at acidic extracellular pH (Fig. 1, B-C). 
The effect of external acidosis was dose-dependent and half- 
maximal inhibition was observed at a pH value of 6.7 (Fig. IB). 
In 9 DIV GN, decreasing external pH to 6.4 mimicked the effect 
of an increase in external K"^ and induced membrane depolar- 
ization (-74.7 ± 0.9 mV; n - 37; -57.1 ± 1.6 mV; n = 26; 
-35.9 ± 1.5 mV; n = 19 for 5K pH 7.4, 5K pH 6.4, and 25K pH 
7.4). IKso was not affected by the K"" channel blockers TEA (10 
mM) and 4-AP (3 mM) (Fig. 1, B-C). Real-time PGR analysis 
revealed that the level of TASK-1 and TASK-3 transcripts 
gradually increased with time both in culture and in vivo (Fig. 
2, A-B). When compared with the in vivo situation, the level of 
transcripts in culture was higher by about 3-6-fold for TASK-1 



and TASK-3, respectively. However, the presence of various 
cell types in the cerebellimi that may lack TASK subunits could 
have led to an underestimation of TASK-1/-3 in vivo. Moreover, 
the ratio between TASK-3 and TASK-1 mRNAs increased from 
about 0.4 m vivo to 1 in vitro (Fig. 2, A-B). 

Developmental Regulation of K^ -dependent Granule Neuron 
Death and Acidic Protection — Rat GN were cultured in 25 mM 
K"^ and then shifted to a medium containing 5 mM K"^ at 
distinct DIV (Fig. 3). Cell death was estimated at 15 h following 
the shift to low K"^ by the number of pyknotic/fragmented 
nuclei visualized with either PI or DAPI staining (Fig, 3, A-B). 
At a physiological pH (7.4), granule neurons at 1-3 DIV sur- 
vived in low K'*' (5 mM) whereas cultures older than 4 DIV 
gradually died (Fig. 3, A-B). Maximal sensitivity to external 
K"^, with about 90% of cell death was reached at 6 DIV (Fig, 
3A), Similar experiments were performed with the extracellu- 
lar pH lowered from 7.4 to 6,4 (Fig. 3, A-B). In young cultures 
(1-3 DIV), lowering pH to 6.4 in low K^ conditions enhanced 
cell death (Fig. 3A). However, GN older than 4 DIV was fully 
protected from K^ -dependent cell death by acidic pH (Fig, 3, 
A-B), A similar protective effect of external acidosis was ob- 
served in the presence of either HCOJ (5% COg) or HEPES (air) 
as a buffer in the culture medium. Next, we monitored lactate 
dehydrogenase (LDH) release, as an indicator of cell lysis and 
death, in young (4 DIV) and older (5-8 DIV) GN in low K"" 
conditions (15-h treatment) at both pH 7.4 and pH 6.4 (Fig. 3C). 
The release of LDH from 4 DIV neuron was modest and insen- 
sitive to external acidosis whereas older GN (5-8 DIV) cultured 
in low K"*" conditions displayed a substantial pH-sensitive LDH 
release (Fig. 3C). 8 DIV GN cultured in media containing 
increasing concentrations of external K"^ ranging from 5 to 25 
mM K^ were gradually protected (Fig. 3D). 

We induced 8 DIV GN death in the 25 mM K^-rich medium 
at pH 7.4 by removing serum (24-h long term treatment) or 
adding 500 nM staurosporine (Fig. 3E). Both experimental ap- 
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Fig. 2. /rt ui^ro and in vivo cerebellar expression of TASK-1 and 
TASK-3. A, real-time PGR analysis of TASK-1 and TASK-3 expression 
in cultured rGN. GN were isolated from 7 -day-old rat cerebellum and 
cultured in S"^ 25 mM K^. RNAs were extracted from 3-, 5-, and 
8-day-old cultures. B, real-time PGR analysis of TASK-1 and TASK-3 
expression in rat cerebellum at different postnatal days of development. 
Expression levels of TASK subunits were normalized to the level of 
cyclophylin D, which remained constant both in vitro and in vivo during 
development. The dashed lines indicate the standard cyclophylin D. 

proaches led to a significant increase in cell death although the 
effect of staurosporine was substantially more dramatic than 
the effect of serum starvation. In both conditions, cell death 
was not affected by extracellular acidic pH, although in parallel 
control experiments acidosis to pH 6.4 fully protected the sister 
GN culture from K"* -dependent death (Fig. 3F). These data 
demonstrate that acidic neuroprotection is thus specific to K"^- 
dependent GN death. 

pH Sensitivity of Granule Neuron -dependent Death — 8 
DIV GN were incubated for 8 h in low K"^ medium at various 
extracellular pH values ranging from 6.0 to 8.5 in order to 
determine the pH sensitivity of K ^-induced GN death (Fig. 4A). 
At pH values lower than 6.6, K"^ -dependent cell death was 
completely abolished. Half-maximal death was observed at a 
pH of about 7.0 (Fig. 4A). As another index of cell apoptosis, 
DNA fragmentation was observed in 8 DIV neurons cultiired in 
low K"^ condition at pH values higher than 6.6 (Fig. 4B). Again, 
half-maximal DNA fragmentation was observed at a pH of 
about 7.0. A protective effect was also observed in the 25 mM 
K^-rich condition at pH 7.4 (Fig. 4B). 8 DIV GN cultured for 
15 h in a low K"^ medium at pH 7.4 were TUNEL positive, 
demonstrating apoptotic cell death (Fig. 4C). Lowering exter- 
nal pH to 6.4 protected GN from cell death and almost com- 
pletely ehminated the TUNEL signal (Fig. AC), Caspase acti- 
vation, a hallmark of apoptosis, was measured using the 
fluorogenic tetrapeptide substrate Ac-DEVD-MCA. The DEVD- 
MCA cleavage activity is specific to group II caspases, since it 
is blocked by the specific inhibitor DEVD-CHO. Cells were 
recovered at 4 h following transfer to low K"^ medium (Fig. 4D). 
Very low caspase activity was observed in cell extracts from 
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Fig. 3. K^-dependent cell death of cultured rat granule neu- 
rons and acidic protection. A, quantitative analysis of the effect of a 
low K"*" medium on rON apoptosis as a function of development (DIV). 
rGN at different DIV were exposed to 5 mM K^ for 15 h and analyzed for 
cell viability by PI labeling. Cells were cultured in 25 mM K"^ and 
transferred to 5 mM K ^ at both pH 7.4 {dark gray bars) and pH 6.4 {light 
gray bars) at distinct DIV as indicated. B, fluorescence images of 8 DIV 
cultures illustrating Pl-stained cell cultures in 5 mM K^ condition at 
both pH 7.4 and 6.4. C, release of LDH expressed as the percentage of 
release of sister cultures maintained in the presence of 25 mM KCI, LDH 
release was measured at different DIV, as indicated, in the presence of 
5 mM KCI for 15 h at either pH 7.4 or 6.4. D, quantitative analysis of cell 
death induced by 8 h long exposure of 8 DIV cultures to different 
concentrations of K"^. Cell death was estimated by PI -fluorescence 
microscopy. After 8 h the cells were fixed, stained by PI, and visualized 
by fluorescence microscopy. Apoptotic cells were scored by counting at 
least 600 cells in several randomized subfields for each sample from 
three different experiments. E, effect of long term serum starvation and 
staurosporine 500 nM treatment for 24 h on GN survival. These exper- 
iments were performed in the presence of the depolarizing K *^-rich 
solution (containing 25 mM KCI) at pH 7.4. F, similar experiments at pH 
6.4. Control experiments in sister cultures showed protection against 
K"^ deprivation -induced apoptosis (5 mM KCI) at pH 6.4 for 6 h (not 
shown). In these experiments cell viability was quantified by PI 
staining. 



cultures at pH values of 6.4 and 6.8, whereas activity at pH 7.2 
was dramatically increased. 

Identical Pharmacological and Regulation Properties be- 
tween IKso/ TASK and K"^ -dependent Granule Neuron Death — 
K"^ -dependent cell death of 8-9 DIV GN, similarly to IKso, was 
not sensitive to 4-AP (2 mM) and TEA (3 mM) although acidosis 
to pH 6.4, which inhibits IKso, fully protected these neurons 
(Fig. 1, B-C, 5C). IKso was not affected by 3 ixm methanand- 
amide (a preferential blocker of TASK-1, Ref 37) and only 
partially inhibited by 10 fiM methanandamide (n = 16) (Fig. 
5A). No protection was observed with 10 jlim methanandamide 
in the presence or in the absence of the anandamide trans- 
porter inhibitor VDM 11 and the anandamide amidase inhibitor 
AACOCF3 (Fig. 5D). Ruthenium red, a blocker of TASK-3 (52), 
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Fig. 4. pH sensitivity of rat granule neuron K"^ -dependent cell 
death in culture. A, quantitative analysis of the effects of external 
acidosis on K^-dependent apoptosis in 8 DIV rGN. Cells were exposed 
to 5 mM K"^ at pH values between pH 6.0 and 8.5. After 8 h the cells 
were fixed, stained by PI, and visualized by fluorescence microscopy. 
Apoptotic cells were scored by counting at least 600 cells in several 
randomized subfields for each sample from three different experiments. 
B, acidic pH inhibits DNA fragmentation induced in the low condi- 
tion. After 8 h of incubation in the medium containing 5 mM KCl, 
genomic DNA was extracted and visualized by gel analysis. C, effect of 
extracellular acidosis on GN apoptosis (TUNEL labeling). The dark 
gray bar indicates pH 7.4 and light gray bar pH 6.4. Fluorescence 
images of 8 DIV cultures after 15 h of deprivation at both pH 7.4 and 
6.4. Cells were stained with DAPI (blue) and TUNEL-labeled (green). 
Non -neuronal cells, which were bigger and less bright after DAPI 
staining, were excluded from the counting. A, astrocyte, G, granule 
neuron. Z), inhibition of caspase activation under low K"*^ (arbitrary 
units/h/mg) by acidic pH. After 4 h of incubation in media with 3 distinct 
pH values, pH 6.4, 6.8, and 7.2, DEVD-MCA cleavage activity in whole 
cell extracts was determined by measuring the production of fluorescent 
MCA. Caspase-specific activity w£is calculated from the linear part of 
fluorimetry recording and expressed in arbitrary units/h/mg proteins. 

dose-dependently inhibited IKso (Fig. 5B). At 10 /xM, 100% of 
the pH 6,4-sensitive component of IKso was inhibited (n = 3) 
(Fig. 5B). GN was gradually protected from K"^ withdrawal cell 
death by increasing concentrations of ruthenium red (Fig, 5Z)). 
No toxic effect of the polycationic dye was observed on GN 
maintained in the K^-rich solution (Fig, 5D, inset). 

IKso, as previously reported (41, 48), was reversibly inhib- 
ited by muscarinic stimulation (Fig, 6A), Muscarine mimicked 
the effect of extracellular acidosis and induced GN depolariza- 
tion (Fig. 6A, inset). Muscarine also significantly protected GN 
from K+-dependent cell death at pH 7.4 (Fig. 68). This protec- 
tive effect was reversed by the muscarinic ml/m3 receptor 
antagonist 4-DAMP (Fig, 6B). 

Transfer ofK^- and pH-dependent Cell Death to Hippocam- 
pal Neurons by Viral Expression of TASK Subunits — We next 
investigated whether overexpression of TASK channel sub- 
units in hippocampal neurons that lack IKso, i.e. a TASK-like 
current, and are known to survive in low K"^ conditions (5 mM), 
could induce a K*^- and pH-sensitive cell death (Fig. 7). We used 
a non-cytotoxic Semliki Forest Virus mutant (SFV(PD)) to in- 
troduce rTASK channel subunits into cultured neurons (53). 
Hippocampal neurons (7 DIV) infected with control virus, bear- 
ing only EGFP, were highly fluorescent as early as 5-h postin- 
fection. Cells were either fixed at 16-24 h postinfection for cell 
viability experiments, or tested for channel expression in elec- 
tro physiology (Fig, 7), Cells expressing EGFP alone showed 
normal morphology and displayed electrophysiological proper- 
ties similar to those of non-infected cells, i.e. a lack of IKso (Fig. 
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Fig. 5. Pharmacology of rat granule neiu*on in vitro K'^-de- 
pendent cell death. A, effect of 3 (light gray) and 10 )xM me th anand- 
amide (dark gray) on IKso recorded in a 8 DIV granular neuron. B, 
effect of 1 (light gray) and 10 /xM ruthenium red (dark gray) on IKso 
recorded in a 8 DIV granular neurons. In A and B, the holding potential 
was 0 mV. C, effect of TEA and 4AP on low K^-induced GN apoptosis at 
pH 7.4. In these experiments, neurons were treated for 7 h in the low 
condition containing 5 raw KCl with 3 mM TEA and 2 mM 4-AP. Acidic 
pH 6.4, however, produced a significant neuroprotection. Cell death was 
determined by DAPI staining, Z), effect of 10 jlim me th anandamide, 1, 5, 
and 10 juM ruthenium red on low K *^ -induced GN apoptosis at pH 7.4. 
The effect of 10 /xM methanandamide was also investigated in the 
presence of 10 yM VDMll and 10 ^jlM AACOCF3, inhibitors of anand- 
amide tr£uisporter and araidase. In these experiments, neurons were 
treated for 7 h in the low condition containing 5 mM KCl with the 
indicated pharmacological agents. In the K"^-rich medium, 10 /iM ru- 
thenium red did not affect cell viability (inset). 

lA). DAPI or TUNEL staining revealed no sign of cell death 
(Fig. IE). In the TASK-infected cells, a pH-sensitive IKso-like 
current was recorded (Fig. 7, J5-C). TASK-3 currents were 
consistently higher than the TASK-1 currents and partially 
inhibited at pH 6,4 (Fig, 7, B-C). Cells infected with rTASK- 1/ 
EGFP or rTASK-3/EGFP, only showed a very weak green flu- 
orescence at 16-24-h postinfection when cultured in low K"^ 
conditions (Fig. ID). DAPI staining revealed a high number of 
fragmented nuclei that were also TUNEL-positive (Fig. 7, 
D-E). The mechano-gated K ' channel TREK-1, unlike the con- 
stitutively active TASK K^ channels, did not alter cell survival 
(Fig. IE). However, expression of the TREK-1 mutant E306A, 
that is locked in the open conformation (54), similarly to TASK 
subunits, induced hippocampal neuron death (82.3 ± 3.1% 
apoptotic neurons in 5 mM K"*"). The time course of cell death 
was always faster with TASK-3 in comparison to TASK-1 upon 
switching to low K"^ conditions. When hippocampal cells ex- 
pressing TASK-1 or TASK-3 were maintained at pH 6,4 in low 
K^ or at pH 7,4 in 25 mM K"^, cell death was reduced (as 
visualized by DAPI and TUNEL staining) and strong EGFP 
fluorescence (showing healthy infected neurons) was observed 
(Fig. 7, D~E). Protection was however consistently weaker with 
the TASK-3-infected neurons. As previously reported (46), the 
G95E mutation in the PI region induced a loss of rTASK- 1/-3 
channel function when expressed in Xenopus oocytes (Fig, 8, 
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Fig. 6. Muscarinic protection of rat granule neuron -de- 
pendent cell death in culture. A, effect of 100 /xM muscarine on IKso 
recorded in a 8 DFV GN in the presence of 10 mM TEA and 3 inM 4-AP. 
The cell was held at a holding potential of 0 mV and voltage ramps of 
500 ms in duration were applied every 10 s to - 120 mV. Current was 
recorded in the presence of 5 mM KCl at pH 7.4 with or without 100 piM 
muscarine and finally at pH 6.4. The inset illustrates the effect of 
muscarine (100 fxu) and pH 6.4 on GN resting membrane potential in 8 
DIV GN. B, effect of muscarine 100 /aM in the absence and in the 
presence of 10 4-DAMP on GN cell death determined by DAPl 
staining. Cells were treated for 8 h in low in the presence or the 
absence of the indicated agents. 

A-B). Hippocampal neurons infected with the or 
mutants were healthy, displaying a bright green 
fluorescence, and no sign of cell death was detected in the low 
condition at pH 7.4 (Fig. 7^;). 

Expression of Dotninant- negative Loss of Function TASK Mu- 
tants Protects Cerebellar Granule Neurons from Low K'^ -in- 
duced Cell Death — The loss of function G95E subunits behaved 
as dominant-negative mutants, suppressing the activity of 
their homologous WT channels in a dose-dependent manner, 
when expressed in Xenopus oocytes (Fig. 8, A-B). Again, it 
should be noted that the amplitude of the rTASK-3 currents 
was much stronger compared with rTASK-1. The concentration 
of injected rTASK-3 mRNA needed to be diluted at least by 
200-fold to record currents of comparable amplitude (Fig. 8, 
A-Bl Next, we co-expressed the rTASK-1*^®^^ with WT 
rTASK-3 and the rTASK-3^^^^ mutant with WT rTASK-1 (Fig. 
8, C-D). The G95E mutants reduced the amplitude of the 
non-homologous WT rTASK current in a dose-dependent man- 
ner, thus behaving as trans-dominant-negative mutants (Fig. 
8, C-D). By contrast, mTREK-1^'*^^ did not affect rTASK-1 
in = 28) or rTASK-3 in = 27) currents even with a 100-fold 
mRNA excess, although it consistently inhibited TREK-1 WT 
in = 28)(not shown). We took advantage of the rTASK- 1/-3^®^^ 
dominant-negative mutants to genetically inactivate the en- 
dogenous rTASK subunits in cultured GN (Fig. SE), GN were 
infected at 6 DIV (in 25 mM K^) and then transferred to low K"^ 
after 30 h of culture. The cells were fixed and analyzed for cell 
viability with DAPI staining after 6 h of culture in low K"^ 
condition. At this time point, about 50% of the GN had died in 
either EGFP- or mTREK-l/EGFP-expressing neurons (Fig. 
8^;). The dominant-negative mutants rTASK-1^^^^ and 
rTASK-3*^^^^ significantly reduced the number of dying neu- 
rons (Fig. 8E). By contrast, the expression of WT rTASK-1 or 
rTASK-3 increased ceil death to about 100% (Fig. SE). 

The Murine OFl Cerebellar Granule Neurons Survive in Low 
Conditions — The amplitude of IKso in murine OFl GN was 
significantly smaller compared with the one recorded in rat GN 
cultured under the same conditions (8-9 DIV) (Fig. 9A). Unlike 
rat, mouse OFl GN survived upon K"^ withdrawal after 8 h 
(Fig. 95), 



DISCUSSION 

Functional Link between IKso and K'^ -dependent Rat GN 
Cell Death— UsituTe rat GN (8-9 DIV) undergo cell death if 
cultured in a physiological K"^ concentration of 5 mM. Neuronal 
death is prevented in a depolarizing medium containing 25 mM 
K"^. GN, which are grown in a high K*^ medium, die within a 
few hours if transferred to a medium containing low K^. Young 
neurons (1-3 DIV), lacking IKso, are resistant to low K*^- 
induced cell death. Similarly, rat mature hippocampal neurons 
and mouse OFl GN, with a very small IKso, do not undergo 
K'^-dependent cell death. Both GN death and IKso are resist- 
ant to the K"^ channel blockers TEA and 4-AP. Decreasing 
extracellular pH inhibits IKso and prevents K"^ -dependent cell 
death of mature GN as visualized by nuclear condensation. 
Furthermore, extracellular acidosis abolishes LDH release, 
DNA fragmentation and caspase activation, hallmarks of apo- 
ptotic cell death. Similarly, ruthenium red and muscarinic 
inhibition of IKso also protect mature GN from K"^ -dependent 
cell death. All together, these results indicate a correlation 
between IKso and K"^ -dependent GN cell death in culture. 

TASK Channels and Cerebellar Gr^anule Neurons IKso — 
IKso, recorded in cultured GN or in cerebellum thin slices, is an 
outwardly rectifying K"^ current with biophysical, pharmaco- 
logical, and regulation properties identical to the recently 
cloned TASK-1 and TASK-3 2P domain K"* channels (30-35, 
40, 41, 47-49). TASK-1 and TASK-3 are resistant to TEA and 
4-AP, reversibly inhibited by extracellular acidosis and by ac- 
tivation of Gq-coupied receptors including the m3 receptor. The 
amplitude of IKso in cultured GN follows the temporal expres- 
sion of TASK-1 and TASK-3 mRNAs, although TASK-3 seems 
to be the predominent player (see below). 

Genetic Transfer of K'^ -dependent Cell Death to Hippocampal 
Neurons — In vitro K"^ -dependent cell death is transferred to 
hippocampal neurons, lacking IKso, by expressing TASK-1 or 
TASK-3 channels. These TASK-expressing hippocampal neu- 
rons, similarly to the native GN, are protected by acidosis (pH 
6.4) and by increasing extracellular K"*^. The lethal effect of 
TASK-3 is stronger and faster compared with TASK-1, but 
protection by extracellular pH and K"^ is weaker. The pK value 
of TASK-1 is in the range of the physiological pH (7.2-7.4), 
while a more acidic value (5.9-6.7) has been reported for 
TASK-3 (30-35, 40). The lower pH sensitivity of TASK-3 may 
thus explain the weaker protection observed at pH 6.4. When 
expressed in both hippocampal neurons and Xenopus oocytes, 
the amplitude of the TASK-3 current is substantially higher 
than that for TASK-1 (Ref. 46 and the present study). This 
important difference in expression level may be responsible for 
the weaker protection by high external K"^ (25 mM) on TASK- 
3-expressing hippocampal neurons. The induction of cell death 
requires TASK channel activity as the introduction of TASK-1 
and TASK-3 loss of function mutants do not alter cell viability. 
It is interesting to note that TREK-1 WT does not induce cell 
death, while the constitutively active mutant E306A (54) mim- 
ics the effect of TASK channels. This further demonstrates that 
constitutive opening of the 2P domain K"^ channels induces 
death of cultured neurons. A previous report demonstrated 
that the kidney weak inward rectifier K*^ channel ROMKl, 
that is also open at rest, similarly induces hippocampal neuron 
apoptosis (7). 

Protection of Granule Neurons by Genetic and Pharmacolog- 
ical Inactivation of Endogenous TASK Channels — We used the 
dominant-negative loss of function mutants rTASK- 1^®^^ and 
rTASK-3*^®^^ to inactivate the endogenous TASK channels in 
cultured mature GN. Both rTASK- 1^®^^ and rTASK-3^^^^ sig- 
nificantly reduce cell death of 8 DIV GN in culture. These 
results indicate that the activity of the TASK channels is prob- 
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Fig. 7. Transfer of -dependent cell death by viral expression of TASK subunits in culttired rat bippocampal neurons. A, 

functional expression of EGFP in a SFV-infected hippocampal neuron (24 h). The neuron was held at a potential of 0 mV and voltage ramps of 500 
ms in duration were applied every 10 s to - 130 mV. Currents were recorded in the presence of 5 mM KCl at pH 8.4, 7.4, and 6.4 or in 125 mM KCl 
at pH 7.4. B, same as A with a hippocampal neuron expressing EGFP along with rTASK-1. C, same as A with a hippocampal neuron expressing 
EGFP along with rTASK-3- Note the different current scales in B and C. £), immunofluorescent images of TUNEL (red) and DAPI (blue) labeling, 
and EGFP fluorescence (green) in hippocampal neurons infected with TASK-l/EGFP incubated in either 5 mM K"*" (top) or 25 mM (bottom). E, 
quantitative analysis of hippocampal neuron viability at 24 h (TASK-1, EGFP, and TREK-1) and 16 h (TASK-3) postinfection. The histogram 
represents the number of dying EGFP positive neurons estimated by DAPI labeling. All data are from four independent experiments and reported 
as mean ± S.E. 



ably linked to the low K"^ -induced cell death of developing GN 
in vitro. The present report also supports the earlier evidence 
that TASK-1 and TASK-3 subunits may co-assemble to form a 
heteromultimeric channel at least when expressed in Xenopus 
oocytes (40). Dimeric TASK-17TASK-3 channels, expressed in- 
dependently or as tandem constructs, display intermediate pH 
sensitivity and intermediate inhibition by Gq-coupled receptor 
stimulation, thus demonstrating heteromultimeric assembly 
(40). Another recent study has however failed to demonstrate 
heteromultimerization between TASK-1, TASK-3, and 
TASK-5, an electrically silent subunit (46). Since TASK-1 and 
TASK-3 can form a heteromultimeric complex, the dominant- 
negative mutants do not allow discrimination between channel 
subunits. Four types of background K^ channels related to 
TASK-1, TASK-3, TREK-2, and to an as yet unidentified chan- 
nel have recently been described in rat-cultured GN (49). 
Taken together these results strongly suggest that the homo- 
multimeric TASK-1, TASK-3, and possibly the heteromultim- 
eric TASK-l/rASK-3 channels, are contributing to IKso and 
thus may directly influence GN K"^ -dependent cell death in 
culture. 

We have used a pharmacological approach to determine 
which of the TASK subunits is involved in GN cell death. 
Ruthenium red, a polycationic dye, blocks TASK-3 although it 
fails to affect TASK-1 and the heteromultimer TASK-l/TASK-3 
(38, 52). By contrast, the endocannabinoid anandamide, at low 
concentrations, is a preferential blocker of TASK-1, independ- 
ently of the CB receptors (37). Ruthenium red, unlike anand- 
amide, fully blocks IKso in the micromolar range and protects 
GN. These pharmacological results suggest that the homomul- 
timer TASK-3 is dominant in GN K^ -dependent death in cul- 
ture. The pK value for TASK-3 is in the range of 5.9-6.7 (30, 
32-34, 40) that corresponds to the value presently found for 
IKso of 6.7. GN are half-protected from K"^ withdrawal at about 



pH 7.0. The slight difference of 0.3 pH units between these pKs 
may reveal a non-linearity between IKso, K^ efflux and cell 
death, the eventual synergestic contribution of TASK-1 ipK^ of 
7.2-7.4) or the involvement of another pH-sensitive mechanism 
such as the acid-inhibited type 4 baseline channel (49), the 
proton-gated cationic channels ASIC or TRPV that could also 
contribute to depolarize and thus protect neurons. 

Intracellular and Neuronal Apoptosis — The link between 
K^ channels, apoptosis, survival and proliferation has become 
increasingly recognized over the recent years (3-9, 11, 12, 55). 
For instance, apoptosis of mouse neocortical neurons induced 
by serum deprivation or by staurosporine is associated with an 
early enhancement of voltage-dependent delayed rectifier cur- 
rent and consequent loss of intracellular K^ (5). Cortical neu- 
ron apoptosis is reversed by increasing extracellular K^ or by 
pharmacological inhibition of the Kv channels. Interestingly, 
staurosporine- and serum starvation-induced GN apoptosis oc- 
cur in both a K^-rich and an acidic culture medium. These 
results suggest that, a mechanism independent of K""" channels, 
including TASK, is probably at play in this specific type of GN 
death, unlike the K"*^ -dependent cell death in vitro, K'^ has 
previously been proposed to contribute to the apoptotic pheno- 
type by two distinct, but not necessarily independent, mecha- 
nisms. First, K"^ efflux is associated with an osmolytic water 
loss leading to apoptotic volume decrease (AVD), a key initial 
apoptotic event (56, 57). Second, K^ has been suggested to be 
an important negative regulator of intracellular enzjmies, such 
as nucleases and caspases, which play a strategic role in apop- 
tosis (56, 57). 

The present study indicates that, in culture, there is a good 
correlation between TASK/IKso amplitude and rat GN K"*" -de- 
pendent death. However, the interpretation of this data needs 
to take into account that multiple other molecular pathways 
are also involved in the control of GN cell survivsJ/death. Fur- 
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Fig. 8. Protection of cultured rat cerebellar granule neurons by expression of and rTASK-1*^®^^ dominant-negative 

mutants. A, earlier studies have reported that the G95E mutation in the first selectivity filter of 2P domain channels induces a loss of function 
(46). In agreement with this report, electrophysiological recordings in Xenopus oocytes demonstrate that behaves as a dominant- 

negative against WT TASK-1. In the experiments illustrated in this figure, the amount of mRNA injected was constant and adjusted with the 
mRNA encoding FaNaC, a ligand-gated sodium channel silent in the absence of FRMFamide. The amount of TASK or mutant mRNA injected per 
oocyte is indicated. The mRNAs were in vitro transcribed from a pEXO vector containing the 5'- and 3'-untranslated region of Xenopus globin. 
Currents were recorded with voltage ramps of 800 ms in duration from -120 mV to 100 mV applied every 10 s from a holding potential of -80 
mV. Currents were measured at 0 mV. Each data point is the mean of 20 oocytes. B, same procedure with TASK-3*^"^^^. Note that in these 
experiments TASK-3 mRNA was diluted by 200-fold compared with TASK-1 illustrated in A. Each data point is the mean of 10-15 oocytes. The 
loss of function TREK-1*^^*'^'^ mutant did not affect TASK-1 {n - 28) or TASK-3 {/i - 27) currents even with a 100-fold mRNA excess (not shown). 
C, heteroniultimeric association between TASK-1 and TASK-3 has been previously proposed (52). Present experiments using TASK*^*®^^ loss of 
function mutants support this earlier statement, TASK-3 ^^^^ behaves as a dominant-negative mutant when co-expressed with TASK-1 WT. The 
dominant-negative effect is dose-dependent. Each data point is the mean of 15 oocytes. Z), TASK-l*^^^^ behaves as a dominant-negative mutant 
when co-expressed with TASK-3 WT. The dominant-negative effect is dose-dependent. Each data point is the mean of 12-19 oocytes. E, 
quantitative analysis of GN viability after 6 h incubation in the low K *^ condition containing 5 mM KCl. The histogram represents % of apoptotic 
EGFP expressing GN estimated by DAPI staining. The dashed line indicates the level of apoptotic cell death in EGFP-infected GN. All data are 
from four independent experiments and reported as mean ± S.E. In these Xenopus oocyte and GN experiments, all rat TASK channels were tagged 
at the amino terminus with hemagglutinin. 

nel, which is open at rest, can lead to cell death in vitro as seen 
with rat hippocampal neurons (7). Protection of rat GN by 
expression of TASK*^^^^ dominant-negative mutants, indicates 
that TASK background K"^ channels may similarly contribute 
significantly to the K"^ -dependent rat GN cell death in culture. 
The correlation between the reduced IKso amplitude and the 
ability of cultured murine OFl GN to survive in low K"*" condi- 
tions, further suggests a close relationship between TASK/IKso 
current amplitude and -dependent cell death. It is interest- 
ing to note that GN from the C57BL/6 mouse strain express a 
large IKso (47) and undergo apoptosis in vitro, similarly to rat 
neurons, in a physiological K"*" medium (58).^ A key question 
remains as to whether there is a similar relationship between 
TASK channel activity and developmental GN apoptosis in 
vivo. The increase in the levels of TASK-3 (about 6-fold) and to 
a lesser extent TASK-1 (about 3-fold) transcripts in culture 
complicates the comparison between the in vitro and in vivo 
situations. The knock out of TASK subunits will certainly be 
valuable to directly assay the role of these channels during in 
vivo GN developmental apoptosis. However, the absence of a 
significant IKso in the murine OFl GN suggests that alterna- 
tive or parallel mechanisms are also at play during 
development. 

While this article was submitted, an interesting report has 
appeared demonstrating the genomic amplification and the 
oncogenic properties of KCNK9 (TASK-3) (12). TASK-3 tran- 
script is overexpressed from 5-fold to over 100-fold in 44% of 
breast tumors. Overexpression of TASK-3 in cell lines promotes 
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Fig. 9. OFl-cultured cerebellar granule neurons are resistant 
to K"^ withdrawal. A, the current density of IKso is significantly 
smaller in murine OFl GN compared with rat GN cultured under 
identical conditions (8-9 DIV). Currents were recorded with voltage 
ramps of 800 ms in duration from - 120 mV to 100 mV appUed every 
10 s from a holding potential of -80 mV. Currents were measured at 0 
mV in the external medium containing 5 mM K"^ at pH 7.4. B, murine 
OFl, unlike rat GN survives in the 5 condition. GN were cultured 
for 8-9 days under the 25 condition and was subsequently shifted to 
the low condition for 8 h and analyzed for cell viability by PI 
labeling. 



thermore, the limitation of the experimental procedures that 
have been used should be carefully considered. For instance, 
besides TASK channels, lowering extracellular pH will clearly 
affect other types of ion channels including VRl, ASIC and 
NMDA, and also induce a large number of effects unrelated to 
ion channels within the cells. Similarly, at the pharmacological 
level, ruthenium red, which preferentially blocks TASK-3 and 
protects GN from cell death, may also affect multiple other 
important targets including other 2P domain K"^ channels such 
as TRAAK or the ryanodine receptor among others (38). 
Our data confirm that overexpression of a K"^ -selective chan- 
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tumor formation and confers resistance to both hypoxia and 
serum deprivation, suggesting that its amplification and over- 
expression plays a direct role in human breast cancer (12). 
TASK-1 and TASK-3 channels are reversibly inhibited by hy- 
poxia and have previously been implicated in the chemorecep- 
tion of both type I carotid body cells and lung neuroepithelial 
body cells (45, 59). It has been speculated that the oncogenic 
effect of TASK-3 may be related to its ability to respond to 
oxygen (12). This is particularly relevant to cancer pathology 
because of the poorly oxygenated areas of solid tumors (12). 
These results, further suggest an important role for the TASK 
channel subunits in the control of cell proliferation/cell death. 
Dysregulation of TASK transcription/translation/turnover that 
might occur in disease states and possibly during aging may 
thus have important functional implications for both cellular 
excitability and survival (12, 47). The recently discovered 
TASK molecular partners (pll and 14-3-3) that regulate chan- 
nel trafficking could also influence cell survival by modulating 
TASK-1/-3 channel expression (60-62). 

TASK channels are opened by volatile general anesthetics 
including halothane and isoflurane (26, 44). Early exposure to 
inhalational anesthetics, causes widespread neurodegenera- 
tion in the developing brain with persistent impairments and 
represents a potential problem in pediatric and obstetric anes- 
thesia (63). The stimulation of TASK opening should therefore 
be considered in volatile anesthetics-induced neurodegenera- 
tion. The development of specific modulators of TASK- 1/3 chan- 
nels may be a useful pharmacological strategy for the treat- 
ment of neurodegenerative and/or proliferative diseases. 
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